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Bodemerosie wordt gezien als één van de voornaamste bedreigingen van de wereldwijde 
voedselvoorziening. Ook andere ecosysteemdiensten die de bodem voorziet, zoals 
waterregulatie, klimaatregulatie en habitat voor het bodemleven, zijn ernstig bedreigd door 
bodemerosie. Bodemerosie kan ook grote economische kosten met zich meebrengen, onder 
meer door verlies van bodemfertiliteit, maar ook door schade aan infrastructuur of 
opkuiskosten na modderoverlast. Hoewel de ernst van dit probleem reeds enkele decennia 
erkend is en verder onderzocht wordt, is het nog steeds zeer moeilijk om de grote ruimtelijke 
en temporele variatie in bodemerosie in kaart te brengen en deze op een accurate manier te 
modeleren. Voor het correct modeleren van deze ruimtelijke en temporele variatie is er een 
grote hoeveelheid accurate data nodig om deze modellen te kalibreren en valideren. 
Traditionele meetmethodes, zoals het gebruik van erosiepinnen of opvangbekkens, zijn niet 
in staat om deze grote hoeveelheden ruimtelijke data te produceren. 'Fallout radionuclides' 
(FRNs), zoals 137Cs, 210Pbex en 
7Be, kunnen hierop een antwoord bieden aangezien men 
hiermee in staat is om met één enkel veldbezoek een duidelijk beeld te scheppen over de 
ruimtelijke erosie- en depositiepatronen. De FRNs 137Cs en 210Pbex kunnen gebruikt worden 
om bodemerosie in kaart te brengen over een langere periode (20-60 jaar), terwijl men 7Be 
kan gebruiken om ruimtelijke variatie in erosie te kwantificeren voor één enkel regenevent tot 
een termijn van enkele maanden. Hierdoor is 7Be uitermate geschikt om de impact van 
erosiebestrijdingsmaatregelen na te gaan. 7Be wordt echter nog niet lang gebruikt als tracer 
voor bodemerosie en er bestaan nog verschillende onzekerheden rond het gebruik van deze 
tracer. Zo ontbreekt momenteel nog steeds een standaard procedure voor de staalname, 
bestaat er onzekerheid over enkele assumpties van de 7Be tracer techniek en over de 
invloed van bodemfysische eigenschappen op de diepteverdeling van 7Be in de bodem. 
Verder is de techniek nog maar weinig gevalideerd door simultane metingen met traditionele 
technieken om bodemerosie in kaart te brengen. 
 
De algemene doelstelling van dit PhD project is dan ook om deze kennishiaten op te vullen 
door de meest courante procedures voor staalname te vergelijken, de assumpties van een 
snelle en definitieve binding van 7Be aan de bodem te controleren, de diepteverdeling van 
7Be in bodems met verschillende infiltratiesnelheden te vergelijken en de 7Be methode voor 
het in kaart brengen van bodemerosie te kalibreren, toe te passen en te valideren. 
 
In het eerste deel van dit onderzoek werden de assumpties van een snelle en onomkeerbare 
binding van 7Be aan de bodem nagegaan (Hoofdstuk 2). Aan de hand van een 
adsorptiesnelheid experiment werd er aangetoond dat 7Be in normale landbouwcondities 
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bijna onmiddellijk aan de bodem bindt. Echter, aan bos- en tropische bodems was er een 
trage en onvolledige binding van 7Be aan de bodem. Verder werd er vastgesteld dat frequent 
voorkomende kationen in de bodem zoals Ca2+ en NH4
+ geen invloed hebben op de binding 
van 7Be aan de bodem. De aanwezigheid van het kation Al3+ had echter wel een nefaste 
invloed op de binding van 7Be. Een extractie experiment bevestigde deze trend met een 
stabiele binding aan de bodems onder landbouwcondities in een gematigd klimaat en een 
minder stabiele binding, met verlies aan 7Be, aan tropische bodems en bodems verzameld in 
het bos. Dit onderbouwt het gebruik van 7Be als bodemerosie tracer in normale 
landbouwcondities in een gematigd klimaat, maar toont ook aan dat het gebruik van 7Be als 
bodemerosie tracer in tropische bodems moet beperkt worden. 
 
In het tweede deel (Hoofdstuk 3 en 4) werden er enerzijds twee technieken voor staalname 
met elkaar vergeleken, namelijk de meer traditionele afschraap-methode en een methode die 
gebruik maakt van een toestel dat specifiek ontwikkeld werd om bodemstalen te nemen met 
kleine dieptetoenames. Uit de vergelijking van beide technieken bleek dat er een grote 
onzekerheid bestaat op de staalname met de afschraap-methode en er betere resultaten 
werden bekomen met het specifiek ontwikkeld toestel. Anderzijds werd de invloed van 
bodemfysische eigenschappen op de diepteverdeling van 7Be in de bodem nagegaan. Deze 
7Be diepteverdeling is van belang bij het omzetten van 7Be activiteit naar 
bodemerosiehoeveelheden met behulp van een conversiemodel. Uit deze metingen bleek 
duidelijk dat de diepteverdeling van 7Be beïnvloed wordt door de hydraulische conductiviteit 
(Ksat) van de bodem, waarbij 
7Be dieper in de bodem was terug te vinden bij een hogere Ksat. 
Aangezien Ksat sterk kan variëren op een gebied ter grote van een perceel, kan dus ook de 
7Be diepteverdeling sterk variëren op deze schaal. Voor het gebruik van 7Be als een 
bodemerosie tracer werd er voordien echter vanuit gegaan dat de 7Be diepteverdeling 
constant is over een studiegebied. Daarom werd er in dit deel van het onderzoek een extra 
factor toegevoegd aan het bestaande 7Be conversiemodel dat de Ksat van de bodem mee in 
rekening brengt. 
 
Het derde en laatste deel van dit onderzoek bestaat uit twee objectieven (Hoofdstuk 5). In de 
eerste plaats werd er nagaan wat de invloed is van drie verschillende 
bodembewerkingstechnieken op de erosiegevoeligheid van de bodem op een experimenteel 
veld in de Belgische leemstreek. Twaalf regenvalsimulaties werden uitgevoerd op plots met 
verschillende bodembewerkingen en met of zonder compactie door bandensporen in de plot. 
De verschillende bodembewerkingen waren conventioneel ploegen (kerend), niet-kerend 
ploegen en strip-till. Bij strip-till wordt er slechts een klein deel van de bodem los gemaakt 
waarin dan in deze zone het gewas wordt aangeplant. Conventioneel ploegen resulteerde in 
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de hoogste erosiegevoeligheid, met erosiehoeveelheden die tot 10 keer hoger lagen dan bij 
niet-kerend ploegen of strip-till. Ook de invloed van de compactie was duidelijk merkbaar, 
met meer erosie op de gecompacteerde plots. Ten tweede werd het aangepaste 7Be 
conversiemodel gevalideerd met behulp van de regenvalsimulaties. Hoewel het aangepaste 
7Be conversiemodel de gemeten waardes tijden de regenvalsimulaties beter benaderde in 
vergelijking met het originele conversiemodel, overschatte het gebruik van 7Be als erosie 
tracer de hoeveelheid erosie sterk. De algemene trend met meer erosie op de conventioneel 
geploegde onderzoeksplots was wel sterk gelijkend op de rechtstreekse metingen tijdens de 
regenvalsimulaties. Uit deze metingen blijkt dus dat 7Be een goede en snelle manier is om 
relatieve verschillen te meten tussen verschillende behandelingen, maar niet om absolute 
erosiehoeveelheden in kaart te brengen. Het grote voordeel van 7Be is dat het mogelijk is om 
ruimtelijke variaties in erosie binnen een plot op te meten, wat onmogelijk is met de 
conventionele opvangbekkens. Uit deze ruimtelijke patronen gemeten met 7Be bleek verder 
dat de losgemaakte zones in de strip-till bewerking zeer gevoelig zijn aan erosie, terwijl de 
tussenliggende onbewerkte zones optreden als bufferzones. 
 
De resultaten verkregen in dit PhD onderzoek dragen bij tot de huidige kennis over het 
gebruik van 7Be als bodemerosie tracer. Het onderbouwt het gebruik van 7Be in 
landbouwcondities in een gematigd klimaat terwijl het vraagtekens plaatst bij het gebruik in 
tropische bodems. Verder toont het aan dat de fysische eigenschappen van de bodem een 
invloed hebben op de diepteverdeling van 7Be, waardoor het wordt aangeraden om het 
aangepaste conversiemodel toe te passen. Uit de validatie van deze techniek met 
regenvalsimulaties blijkt dat de 7Be techniek goed in staat is om relatieve verschillen tussen 
bodembehandelingen te onderscheiden, maar minder geschikt is om absolute 
erosiehoeveelheden te meten. Tot slot kan er besloten worden dat 7Be een zeer goede 
techniek is om ruimtelijke variaties in kaart te brengen, wat zeer belangrijk kan zijn voor het 

















Soil erosion is one of the main threats to our worldwide food supply. Also other important 
ecosystem services performed by the soil, like water and climate regulation, are under 
severe pressure by soil erosion. A loss of soil fertility and damage to infrastructure by 
mudflows are only a few examples of consequences of soil erosion with high economic 
costs. The need for robust soil redistribution data has increased since the 1990’s in order to 
efficiently combat these excessive costs related to soil erosion. As traditional monitoring 
techniques (e.g. erosion plots, etc.) are costly, time demanding and very labor intensive, new 
alternatives were explored. The use of Fallout RadioNuclides (FRNs) could provide the 
necessary spatial and temporal soil redistribution data in a quick and retrospective manner 
and can therefore be an interesting alternative to monitor soil redistribution. The most 
commonly used FRNs 137Cs and 210Pbex are used to monitor soil redistribution on a time 
scale of several decades. However, most erosion occurs during several intensive rainfall 
events, and so these FRN species are unable to monitor these events efficiently. A different 
FRN, 7Be, provides here an answer, with a half-life of 53.3 days. It can be used to monitor 
soil erosion at an event scale. Although 7Be has been used for almost two decades to 
monitor soil redistribution, several knowledge gaps exist, hampering its use. These 
knowledge gaps include the absence of a standardized sampling strategy, the lack of the 
validation of several assumptions specific to the technique, the uncertainty related to the 
impact of soil physical characteristics on the 7Be depth distribution and the limited validation 
of the technique by comparison with traditional monitoring techniques. 
 
The overall goal of this PhD project is to address these knowledge gaps by comparing the 
most commonly applied sampling strategies, evaluate the sorption behavior of 7Be in 
different environments, assess the influence of hydraulic conductivity on the 7Be depth 
distribution and finally calibrate, adjust, apply and validate the 7Be technique in the Flemish 
Hills. 
 
In the first part of this research (Chapter 2) the rapid and irreversible sorption of 7Be on the 
soil is evaluated. Irreversible and rapid sorption of 7Be to the soil is a prerequisite, which 
should be met if 7Be is to be used as a sediment tracer. A rapid sorption and the stability of 
7Be on arable soils in central Belgium was confirmed. Nevertheless, sorption was less rapid 
in two tropical soils, namely Ferralsols and a forest Stagnosol, indicating the possible 
movement of 7Be unrelated to sediment transport. The possibility for 7Be to be transported in 
surface runoff prior to sorption to the soil particles cannot be disregarded, especially in these 
conditions, resulting in an overestimation of soil erosion rates linearly propagated to the loss 
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of 7Be prior to sorption. Furthermore, the presence of Al3+ in combination with a low pH did 
significantly reduce Be sorption, pinpointing the need to evaluate the impact of this on 
erosion estimations with 7Be in tropical soils. The presence of regularly occurring cations 
Ca2+ and NH4
+ was found to have no impact on Be sorption on different clay minerals. In 
combination with the stability of the Be sorption and the rapid Be sorption in the arable soils, 
this supports the use of 7Be as a tracer to monitor soil redistribution on arable hill slopes in a 
temperate environment. 
 
In the second part of this research (Chapter 3 and 4) the impact of different sampling 
techniques on erosion rate estimations was evaluated, namely the traditional scraping 
technique and the use of a Fine Increment Soil Collector (FISC), a device specifically 
developed to sample soil depth increments at an accuracy of 1 mm. The choice of sampling 
technology influenced total erosion rate estimation by up to 60%. The development of the 
FISC significantly improves sampling while a large uncertainty exists on the scraping 
methodology. Nevertheless, composite samples are needed to bypass some practical 
issues. The use of composite samples could also reduce errors made due to the spatial 
variability. This part of the research also evaluated the influence of physical soil 
characteristics on the 7Be depth distribution. The 7Be depth distribution, an important aspect 
in the conversion model, is assumed to be constant across the study area, but several 
indications point to a variation in 7Be depth distribution at the spatial scale of a hill slope. The 
use of CT-scans confirmed the impact of soil structure and the presence of preferential flow 
paths on the vertical distribution of 7Be in the soil. Soil type, vegetation and land 
management at the reference site should therefore be similar to the rest of the study area to 
eliminate their impact on soil redistribution rate estimates. This was further investigated in 
Chapter 4. To assess the impact of variability in soil hydraulic conductivity on the depth 
penetration of 7Be in surface soil, a rainfall simulation experiment with 9Be spiked rainfall was 
performed on artificially compacted soil cores. These rainfall simulation experiments 
indicated a significant positive correlation between the saturated hydraulic conductivity (Ksat) 
and the 7Be depth distribution and thus demonstrated that the assumption of a spatial 
constant relaxation mass depth is likely to be invalid. Based on these results Ksat is 
incorporated into the conversion model as a correction factor to provide realistic uncertainties 
on the estimated soil redistribution. 
 
In the final results chapter (Chapter 5) the 7Be methodology is applied to estimate erosion 
rates during rainfall simulations for three different tillage practices, namely conventional 
tillage, non-inversion tillage and strip-till. Simultaneously, runoff was collected and sediment 
samples were taken to measure erosion rates directly as a validation for the 7Be 
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methodology. Direct measurements showed erosion rates were higher by a factor of 10 in 
the conventional plowed plots compared to the erosion rates in the plots under non-inversion 
tillage and strip-till. 7Be measurements resulted in an overestimation of soil losses compared 
to the directly measured soil losses. Nevertheless, the general trend of high soil loss in the 
conventional tillage treatment and low soil loss in the other treatments was confirmed by the 
7Be measurements. The incorporation of correction factors for variations in grainsize and 
hydraulic conductivity resulted in a better approach of the directly measured erosion rates, 
but still overestimated the erosion rate. While the direct measurements were incapable to 
identify a difference between the soil loss in the non-inversion and strip-till treatment, the 7Be 
measurements indicated that the strip-till treatments performed better than the non-inversion 
treatments. Spatial patterns in soil redistribution clearly reflected the sediment and runoff 
buffering capacity of the inter-row area in the strip-till treatment, while higher erosion rates 
were observed in the plant rows. This makes the 7Be technique a reliable tool to compare 
treatments and identify spatial variability in soil redistribution. 
 
The results obtained in this dissertation contribute to the current knowledge regarding the 
use of 7Be as a sediment tracer. This dissertation confirms its use in arable, temperate 
conditions, but at the same time raises questions on its use in tropical conditions. Further, a 
clear relationship was found between the physical characteristics of the soil and the depth 
distribution of 7Be. An adaptation to the conversion model was proposed based on the 
findings of this research. Finally, a validation of the 7Be technique confirmed general trends 
measured directly during rainfall simulations, but overestimated the absolute erosion rates. 
Therefore 7Be is found to be an interesting tool to compare relative differences between 
treatments and to pinpoint erosion sensitive areas, making it very useful for the 
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1.1 The importance of soil erosion monitoring  
Water erosion threatens the delivery of a broad range of soil ecosystem services (e.g. food 
production, buffering and cycling of water, habitat for a broad range of organisms,…). 
Seventy-five billion tons of soil and 10 million ha of arable land are lost every year due to 
wind and water erosion (Pimentel and Burgess, 2013). Mean annual soil loss in Europe has 
been estimated to range from 3 to 40 ton ha-1 yr-1, while its tolerable level has been 
estimated at 0.3 to 1.4 ton ha-1 yr-1 (Verheijen et al., 2009). The soil erosion rates from 
conventional plowed agricultural fields is on average 1-2 orders of magnitude greater than 
rates of soil production, making the conventional plow-based agriculture unsustainable 
(Montgomery, 2007). Verstraeten et al. (2006) estimated the total soil loss in the Belgian 
loess belt at a few to more than ten ton ha-1 yr-1. Vandaele et al. (1995) measured a mean 
annual catchment erosion rate over a three year time period in the Belgian Loam belt of 5.4-
8.2 m³ ha-1 yr-1, while Govers et al. (1991) obtained an average erosion rate of 3.6 ton ha-1 
yr-1 in similar field conditions in the Belgian loam belt. Agricultural intensification, use of 
heavy machinery, stripping of natural vegetation, overgrazing, scale enlargement, removal of 
field boundaries and the growth of erosion sensitive cash crops, increased the on- and off-
site effects of soil erosion over the last decades. On-site effects include the loss of fertile soil, 
nutrients, organic matter, seeds, seedlings, agro-chemicals, water holding capacity, soil 
depth, and a general decrease in soil quality (Morgan, 2009; Pimentel, 2006; Pimentel et al., 
1995; Verheijen et al., 2009). While the on-site effects of soil erosion are severe, the off-site 
effects cannot be underestimated and frequently surpass the economic costs of on-site 
effects of soil erosion. Off-site effects of soil erosion are amongst others increased flooding, 
mudflows, eutrophication and increased sedimentation of lakes and rivers, loss of the water 
holding capacity of reservoirs, damage to infrastructure like irrigation canals and bridges, 
spread of sediment-fixed pollutants, increased costs for water treatment, and increased 
carbon emission from the soil influencing climate change (Campbell et al., 2003; Holmes, 
1988; Lal, 2003, 2004; Verschuren et al., 2002). Vandaele et al. (1995) indicated several 
villages in the Belgian Loam belt were flooded 22 times during one decade due to mudflows. 
They indicate the importance of drainage lines and cannels to reduce these mudflows. Soil 
erosion monitoring is crucial to pinpoint the most erosion sensitive areas and select 
appropriate location for control measures. Evrard et al. (2007) estimated the damage due to 
mudflows on public infrastructure and cleaning resulted in a cost of 12.5-122 millions of € 
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1.2 The Belgian and Flemish soil conservation policy 
Several of these on- and off-site effects became increasingly apparent in Belgium in the 
1990’s, increasing awareness among the policy makers of the need to combat erosion. The 
different regions in Belgium are responsible for their own agricultural and environmental 
policy. As this study is focused in the Flemish region, the Flemish policy is explained in 
detail. Being regionalized matter, the first policy response of the Flemish government was the 
Erosion Decree of 2001, offering subsidies to the local authorities (municipalities) for design 
and implementation of an erosion control plan, and supporting the construction of small-scale 
infrastructural erosion control measures, like small dams from vegetable material, buffer 
basins,… (Verstraeten et al., 2003). Municipalities could also provide incentives to farmers 
for the implementation of technical erosion measures, and had the power to expropriate 
farmers so that the local authorities could carry out erosion control measures themselves 
(Verspecht et al., 2011). Strong suits of this decree were the increased awareness of erosion 
in the municipalities and the fact that it made use of local knowledge in the area (Verspecht 
et al., 2011). 
 
In 2009, a new erosion decree replaced the 2001 version, incorporating subsidies for hiring 
an erosion coordinator in the municipalities in order to facilitate the continued implementation 
of erosion control measures. An update of the decree in 2010 simplified some administrative 
procedures. The Erosion Decree was supplemented by the setup of the Agri-Environmental 
Schemes (AES) by the Flemish Government in 2005. The AES is an incentive-based 
legislation, which encourages farmers to apply voluntary erosion control measures like grass 
buffer strips and grassed waterways. The main pillars of the Flemish legislation are built 
upon the European legislation. Prior to the Mid Term Review in 2003, the EU Common 
Agricultural Policy was supporting the European agriculture by price support of the produced 
products. This changed with the Mid Term Review in 2003 towards a direct financial support 
of the farmers (Verspecht et al., 2011). In 2005 Flanders implemented the Mid Term Review 
in its legislation and since then farmers are obliged to obey with the cross-compliance, which 
are standards to maintain good agricultural and environmental conditions. With respect to 
soil erosion control, these standards include the obligation to take erosion abatement 
measures on fields with a very high erosion risk. These fields are identified based on soil 
erosion modeling, with an adapted version of the RUSLE-equation (Revised Universal Soil 
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In 2016 there has been a revision of the cross-compliance in Flanders and farmers are now 
also obliged to take erosion control measures on fields with a high soil erosion risk. These 
erosion control measures include the sowing of cover crops, grass buffer strips, grassed 
waterways, structural control measures (e.g. buffer basins) and reduced tillage depending on 
the crop and the erosion risk. If farmers fail to uphold the cross-compliance they risk losing 
their financial support from the European Union. This policy is implemented at the field-scale 
as farmers are solely responsible for their own parcels.  
 
1.3 The use of the fallout radionuclide 7Be as a soil redistribution tracer 
Although effects of water erosion are severe and threatens the environment and human 
welfare, several issues still remained unsolved. These can be summarized to the lack of a 
standard protocol to measure soil erosion, to the difficulties in accurately predicting soil 
erosion responses to soil disturbance on different spatial and temporal scales, to the time lag 
between soil disturbance and the soil erosion response and the lack of long term (+10 years) 
soil erosion data (García-Ruiz et al., 2017). The use of fallout radionuclides (FRNs) 137Cs, 
210Pbex and 
7Be to estimate erosion and sedimentation rates could provide an adequate 
answer to several of these issues as they have the potential to provide high resolution spatial 
and temporal data of soil erosion. 
 
To efficiently allocate resources to control erosion a good understanding of erosion 
processes and the efficiency of the erosion control measures is necessary. Up to date the 
effect of the control measures on the spatial soil redistribution is understudied. Soil erosion 
modeling is frequently used to obtain a better understanding in these processes, but these 
models still fail to accurately simulate the large temporal and spatial variability in soil 
redistribution (Smith et al., 2010). Excessive sampling campaigns are essential to accurately 
calibrate and validate these soil erosion models, while studies providing the data are limited 
(De Vente et al., 2013; Hairsine and Sander, 2009; Wainwright et al., 2010). As models keep 
evolving and become more complex, increasing needs for more accurate and reliable data 
are to be expected for parameterization of spatial and temporal soil redistribution (Nearing 
and Hairsine, 2011). Traditional monitoring techniques as soil erosion pins and runoff 
collectors are very labor-intensive approaches and runoff collectors are unable to account for 
the spatial variability. These techniques are therefore not able to meet the increased need for 
accurate and reliable data of spatial and temporal variation in soil redistribution at field or 
catchment scale. Fallout radionuclides (FRNs) 137Cs, 210Pbex and 
7Be can be used to estimate 
erosion and sedimentation rates at the high spatial and temporal resolutionneeded for model 
calibration and validation. 
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The use of FRNs has several advantages over traditional monitoring techniques. One of the 
most important advantages is the possibility to estimate soil redistribution in a retrospective 
manner from a single field visit. Based on this single field visit, soil redistribution assessment 
at a high spatial resolution can be achieved, unlike traditional monitoring techniques which 
require excessive sampling strategies and installment prior to the rainfall event (Blake et al., 
1999; Mabit et al., 2008a; Walling, 2012). Furthermore, sampling involves minimal 
disturbance of the study site and occurs after the erosion event in contrast to traditional 
techniques where erosion pins or runoff collectors are installed prior to the event and can 
influence erosion processes. Furthermore, FRNs are used for a broad range of applications 
in soil erosion studies. Amongst these applications are their use as tracers for soil 
redistribution at hill slope scale, as tracers for riverine sediment movement and age, to test 
mass balance models, and to evaluate the efficiency of erosion control measures (Dercon et 
al., 2012; Evrard et al., 2016; Gaspar et al., 2013; Gourdin et al., 2014; Porto and Walling, 
2012; Ribolzi et al., 2016; Schuller et al., 2010; Wilson et al., 2012; Zhang, 2015). 137Cs and 
210Pbex are frequently used FRNs to assess soil redistribution at a medium to long time 
interval (20-100 years). 7Be is a relatively recent used FRN, which is able to evaluate soil 
redistribution at the short-term (event based up to a few months) (Mabit et al., 2008a; 
Walling, 2012). 7Be, can become an important decision support tool for policy makers, as it is 
able to monitor effects of soil conservation methods or land use changes. 7Be, a natural 
cosmogenic radionuclide with a half-life of 53.3 days, is most frequently used for soil 
redistribution studies at a temporal scale of an event and a spatial scale of a hill slope, 
therefore processes like tillage erosion cannot be incorporated in studies using 7Be. 7Be 
disintegrates by electron capture to the ground state of 7Li (Goodier et al., 1974). 
 
The general process to assess soil redistribution rates using 7Be involves the comparison of 
the 7Be areal activity (Bq m-2) at a sampling location with the 7Be areal activity at an 
undisturbed, stable reference location where no erosion or deposition has occurred. The 7Be 
areal activity is obtained by multiplying the total 7Be inventory (Bq kg-1) with the mass depth 
of the sample, defined as the mass of soil per m² over the depth of the sample (kg m-2). A 
lower 7Be activity at the sampling location compared to that at the reference site reflects 
erosion, while a higher 7Be activity points to deposition. To assess an exact quantification of 
the soil redistribution, conversion models are used which take the depth distribution of 7Be 
into account, referred to the conventional model (Blake et al., 1999; Walling et al., 1999). An 
important prerequisite of the technique is that the pre-event 7Be inventory should be uniform 
and no significant erosion has taken place prior to the event studied as this would lead to 
erroneous erosion rate estimations. This condition can be met by resetting the 7Be inventory 
to zero by plowing and rainfall activity prior to the event of interest should have been of a low 
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intensity not initiating any significant soil redistribution. During the plowing process the 7Be 
activity is reduced below the decection limit due to dilution of the 7Be active upper 2 cm of the 
soil with the underlying soil.  
 
The general idea behind the use of 7Be as a sediment tracer can be summarized in four 
steps: 
1) 7Be is formed naturally in the atmosphere under influence of cosmic radiation and 
subsequently a uniform wet and dry deposition on the study site is assumed. Uniformity is 
crucial, as variations in 7Be deposition at the earth’s surface will lead to erroneously 
measured variations in soil redistribution (Figure 1.1A). 
2) Upon contact with the soil, 7Be is rapidly bound to the fine soil particles (Kaste et al., 
2002; Takahashi et al., 1999). The rapid nature of this sorption is crucial as 7Be could be 
lost by leaching to greater depths or in superficial runoff prior to sorption (Figure 1.1B). 
3) As soil particles are moved downslope due to erosion processes, and 7Be bound to the 
soil particles is transported along with them, it is of crucial importance that 7Be remains 
sorbed during this transport. This process will result in a depletion of 7Be on eroding sites 
(Figure 1.1C). 
4) Finally, the eroded soil particles rich in 7Be are deposited downslope as the slope 
decreases. At this deposition site, the 7Be activity will increase due to the supply of 7Be 
active material (Figure 1.1D). The measured 7Be activity at the eroding and deposition 
site is then compared with the 7Be activity measured at the stable reference site, a 
nearby location where no erosion or deposition has occurred. By using a conversion 
model, which is based upon this reference 7Be inventory and the 7Be depth distribution, a 
precise soil redistribution pattern can be obtained by 7Be sampling at various locations 
along the slope. 
 
 




Figure 1.1: Schematic overview of the 
7
Be movement on a hill slope. A. 
7
Be is formed in the 
atmosphere under influence of cosmic rays and transported towards the earth’s surface. B. 
7
Be is 
deposited uniformly across the hill slope. C. 
7
Be is transported downhill along with soil particles during 
erosion processes. D. The sediment with a high 
7
Be activity is again deposited, which results in higher 
7
Be activities downslope. The indicated red zone is representing the upper 2 cm of the soil. 
 
For a clear insight in the use of 7Be as a tool for soil redistribution estimation, a detailed 
overview of the production and distribution of 7Be in the atmosphere and in the soil is given in 
the following sections. 
 
1.3.1 The 7Be life cycle - Atmosphere 
The spallation reactions of cosmic-ray produced protons and neutrons and the atmospheric 
nitrogen and oxygen lead to the production of 7Be in the stratosphere (75%) and troposphere 
(25%) (Brost et al., 1991; Yashimori et al., 2005; Hernandez-Ceballos et al., 2015). Since 
cosmic-ray radiation depends on solar activity and latitude, 7Be production is variable in time 
and latitude (Hernandez-Ceballos et al., 2015). During a long-term study over 3 decades at 5 
measuring stations across Europe, Kulan et al. (2006) observed a 10-year cyclical pattern 
in7Be production, showing an anti-correlation with the solar activity. Ioannidou et al. (2005) 
and Kikuchi et al. (2009) confirmed the relation between 7Be production and solar activity, 
with 7Be activity in the surface air varying by 45% and 37%, respectively, across one solar 
cycle. During a solar maximum, production of 7Be is reduced as fewer cosmic rays reach the 
Earth’s surface (Ioannidou and Papastefanou, 1994; Kaste et al., 2002; Papastefanou and 
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Ioannidou, 2004). Influenced by geomagnetism, cosmic rays are deflected towards the poles, 
increasing the 7Be production at higher latitudes (Gai et al., 2015; Kikuchi et al., 2009). 
Finally, 7Be production is also influenced by altitude with higher production in the 
stratosphere compared to the troposphere (Doering and Akber, 2008). Soon after its 
production, 7Be is incorporated in the molecules BeO or Be(OH)2 which become associated 
with submicron aerosols and thus can reach the Earth’s surface through wet and dry 
deposition (Papastefanou, 2006, Hernandez-Ceballos et al., 2015). 
 
The residence time of 7Be in the atmosphere has been debated thoroughly in literature and is 
estimated between 2.6 and 35 days (Koch et al., 1996; Papastefanou, 2006; Shapiro and 
Forbes‐Resha, 1976; Winkler et al., 1998; Yu and Lee, 2002). Residence time is highly 
dependent on atmospheric circulation patterns, precipitation, temperature, altitude and 
latitude (Caillet et al., 2001; Koch et al., 1996; Papastefanou, 2006). Most 7Be is removed 
from the atmosphere by precipitation wash out, while 10% of 7Be is deposited to the earth’s 
surface by dry deposition (Doering and Akber, 2008; Ioannidou and Papastefanou, 2006; 
Lozano et al., 2011; Wallbrink and Murray, 1994). 
 
Recent advancements in the conversion model allowed extending the time-scale of 7Be 
erosion studies up to several months (Walling et al., 2009). One of the key components of 
this adjusted model, called the time extended model, is the 7Be activity in the rainfall, which is 
assumed to be constant during the study period (Walling et al., 2009). However, 7Be activity 
is found not to be constant, not even during one rainfall event due to 7Be washout of the 
troposphere (Ioannidou and Papastefanou, 2006; Papastefanou, 2006). Furthermore, rainfall 
intensity is an important controlling factor influencing the 7Be activity in rainfall, where lower 
intensity rainfall has on average a higher 7Be activity, which can be contributed to the fact 
that fine rain droplets have a higher scavenging ratio (Caillet et al., 2001; Ioannidou and 
Papastefanou, 2006). Influenced by factors such as the solar activity, latitude and climatic 
conditions, a large variation in 7Be activity in the rainfall can be observed across the globe. 
Table 1.1 gives an overview of 7Be activity ranges measured in the rainfall within different 
countries around the world, indicating a wide geographical variation ranging from 0.02 Bq l-1 
to 10.45 Bq l-1, but also a wide variation at the specific locations due to temporal variations.  
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Table 1.1: The 
7
Be activity (Bq L
-1
) in rainfall across the globe 
7Be activity of rainwater 
(Bq L-1) 
Country Source 
0.7-3.2 Argentina (Ayub et al., 2009) 
0.26-1.81 Brazil (Pinto et al., 2013) 
0.50-1.59 United States (Brown et al., 1989) 
0.09-2.1 United States (Baskaran et al., 1993) 
1.23-3.55 United Kingdom (Short et al., 2007) 
1.56-2.67 United Kingdom (Taylor et al., 2016) 
0.03-7.42 Spain (Lozano et al., 2011) 
0.93-10.45 Switzerland (Caillet et al., 2001) 
0.7-12 Greece (Ioannidou and Papastefanou, 2006) 
0.2-1.2 Taiwan (Chao et al., 2012) 
0.17-0.64 Laos (Gourdin et al., 2014) 
0.02-5.9 Australia (Wallbrink and Murray, 1994) 
 
1.3.2 The 7Be life cycle - Soil 
After deposition on the earth’s surface, 7Be is assumed to bond rapidly to the fine soil 
particles upon contact. This assumption matches the superficial depth distribution (maximum 
of 20 mm deep) of 7Be present in the soil (Blake et al., 2009; Schuller et al., 2010; Sepulveda 
et al., 2008; Wallbrink and Murray, 1996b) and by the high partition coefficient (Kd) of 
7Be in 
water (Huang et al., 2011; Olsen et al., 1986; You et al., 1989). The 7Be depth distribution is 
characterized by an exponential decrease with depth. An example of 7Be depth distribution, 
reported at a reference site being unexposed to soil erosion or deposition, is shown in 
Figure 1.2. The other commonly used longer-lived FRNs, 137Cs (half-life = 30.2 years) and 
210Pbex (half-life = 22.3 years), can be found at greater soil depth (> 30 cm in tilled soils) due 
to effects of bioturbation and diffusion over time (He and Walling, 1997). In common 
agricultural conditions, with soil pH between 5 and 7, Be is present in the form of Be2+ or 
BeOH+, which are both highly reactive and thus rapidly sorbed to soil particles (Kaste et al., 
2002; Takahashi et al., 1999). 7Be is expected to initially bind to exchangeable sites of 
various soil colloidal particles followed by a slow diffusion towards less accessible sorption 
sites, possibly into the crystal lattices (You et al., 1989). Several factors such as pH, 
complexation with dissolved organic compounds, presence of hydrous oxides, clay 
mineralogy, salinity and humic acids have been shown to influence sorption behavior of 7Be 
in the soil (Aldahan et al., 1999; Armiento et al., 2013; Baskaran et al., 1997; Dibb and Rice, 
1989; Takahashi et al., 1999). In addition, regularly occurring cations, such as K, Na, Ca+2,… 
can compete for binding sites with exchangeable metals like Be (Gil-Garcia et al., 2008). 
 




Figure 1.2: Example of a 
7
Be depth distribution as the 
7
Be activity (Bq kg
-1
) plotted versus the 
cumulative mass depth (kg m
-2
) (the depth given by the increase in weight of soil at and above the 
sampling depth) at a stable reference site in Devon, UK, the depth penetration of 
7
Be extends to 
around 20 mm (Blake et al., 1999). 
 
A laboratory study of Taylor et al. (2012a) confirmed the rapid sorption of 9Be and 7Be from a 
1 mg l-1 solution upon contact with an agricultural sandy loam soil in the UK, where 93% of 
the Be in solution was sorbed to the soil particles after 0.1h of contact. A confirmation of 
these rapid sorption rates on a broad range of soil types under different land uses is lacking 
and should be investigated (Taylor et al., 2013). In some conditions, the depth profile of 7Be 
showed some strong deviations from the superficial depth distribution, e.g. Casey et al. 
(1986) found 7Be up to a depth of 7 cm in marsh soils, which can be attributed to slow 
sorption rates relative to the infiltration rates. Furthermore, Wallbrink and Murray (1996b) 
found a uniform depth distribution in the upper 5 mm due to a layer of quartz sand with a 
coarse grain size with a rapid infiltration rate and a low sorption capacity resulting in the low 
retention of 7Be and the uniform distribution of 7Be in the upper soil profile. Studies with other 
fallout radionuclides like 137Cs found a distinct influence of preferential flow through 
macropores on the depth distribution of these radionuclides (Bundt et al., 2000; Schimmack 
et al., 1994). These variations in grain size and infiltration rate due to preferential flow paths 
can thus also influence the 7Be depth distribution, which is of crucial importance in the 
conversion model for soil redistribution estimates. Targeted research evaluating these above 
aspects for 7Be is generally lacking, but is necessary, as variations in depth distributions will 
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For soil redistribution studies it is of crucial importance that 7Be remains irreversibly sorbed to 
the soil during the study period. However, the number of studies supporting this irreversible 
sorption in a broad range of environments are limited and results vary significantly (Mabit et 
al., 2008a; Taylor et al., 2012a). Sequential extraction techniques are used to evaluate the 
mobility of Be in varying environmental conditions. Borovec (1996), Hall et al. (1996) and Li 
et al. (1995) used the extraction method of Kersten and Förstner (1987) and found similar 
results with 10-30% Be extracted in reducing conditions, 10-15% Be extracted in the 
exchangeable and oxidisable phase combined and most Be remaining sorbed (60-80%). 
Armiento et al. (2013) and Taylor et al. (2012) used the BCR three step extraction procedure 
and found a higher extraction of Be across different environmental conditions. Armiento et al. 
(2013) measured a total Be extraction of 60-70% from two soil samples, distributed over the 
exchangeable fraction (20%), the reducible fraction (20-40%) and the oxidisable fraction 
(20%). Taylor et al. (2012a) measured even higher extractions of Be from the soil, with 27-
37% of the Be extracted as exchangeable fraction, 42-62% as reducible fraction and 21% as 
oxidisable fraction. As the exchangeable fraction can be mobilized under influence of the 
presence of competing cations and reducing conditions are frequently present within a 
catchment, 7Be mobility might influence studies using 7Be as a sediment tracer (Taylor et al., 
2012a). It should be noted that the harsh chemical conditions used during the sequential 
extraction procedures might not be representative for sorbed Be in contact with a natural soil 
solution. 
 
1.3.3 The application of 7Be as soil erosion tracer 
Most studies applying 7Be for erosion estimates are performed at the hill slope scale and a 
temporal event-based scale (Blake et al., 2009; Blake et al., 1999; Li et al., 2016; Porto and 
Walling, 2014; Schuller et al., 2010). A study of Walling et al. (2009) provided the possibility 
to extend 7Be soil redistribution studies up to a few months, but the application of this 
extended model is relatively limited up to date (e.g. Schuller et al., 2010; Porto et al., 2016). 
This model uses the conventional model of Blake et al. (1999) as base, with a comparison of 
sampling points to a reference baseline taking into account the depth distribution of 7Be, but 
also takes temporal changes of the 7Be inventory at a sampling location by erosion or 
deposition and the on-going decay of 7Be into account over the study period. Nevertheless, 
erosion rates based on 7Be measurements are prone to a high variability and the use of point 
core samples might not be the best approach. Several studies (e.g. Wallbrink et al., 2002; 
Blake et al., 2009) use a landscape unit based 7Be sediment budged, which circumvents 
problems due to random variability at a small scale. Most studies are performed on a bare 
soil surface as 7Be is intercepted by vegetation which will lead to a non-uniform 7Be 
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distribution independent of soil movement (Wallbrink and Murray, 1996). A first attempt to 
incorporate a correction factor for plant interception was done by Shi et al. (2011) as a 
correction for the percentage of area of the soil covered by vegetation. Recent work by Iurian 
et al. (2015) proposed a correction factor normalized by the Leaf Area Index, but indicate 
plant interception of 7Be is highly dependent on rainfall characteristics and soil surface 
coverage specific for plant species. Nevertheless, a correction factor is necessary to assess 
correct soil redistribution patterns in vegetated areas. As most studies to date are performed 
under bare conditions, this correction factor is not further investigated here. 
 
The short half-life of 7Be complements the longer lived FRNs 137Cs (half-life = 30.2 years) 
and 210Pbex (half-life = 22.3 years) as it is able to distinguish soil redistribution changes due to 
intensive individual rainstorms or the implementation of erosion control measures (Schuller et 
al., 2010). Blake et al. (1999) and Walling et al. (1999) estimated erosion rates at the same 
site with respectively 7Be and 137Cs, the results using 137Cs indicated a long term-erosion rate 
which was 5 times lower compared to the erosion rate during the intensive event monitored 
by the use of 7Be. These results indicated the importance of single, intensive events on the 
long-term erosion rate and the benefits to use short lived and longer lived FRNs. Sepulveda 
et al. (2008) used a similar approach with a combined use of 7Be and 137Cs to evaluate the 
effect of stubble burning on soil erosion patterns, while Blake et al. (2009) used a 
combination of 7Be, 137Cs and 210Pb to determine soil erosion rates in an area prone to 
wildfires. 
 
The application of 7Be as sediment tracer is not limited to the hill slope. 7Be has been used 
as an indicator of the sediment source, to estimate deposition rates and to assess sediment 
transport distance and residence time. The combined use of 7Be, 137Cs and 210Pb allows 
determining the dominant sediment contribution sources. Sheet erosion results in sediment 
with a high activity of all three FRNs. As rills develop, the activity of 7Be and 210Pb will 
decrease while 137Cs activities remain high. Sediment originating from gullies in contrast is 
deficient of all three FRNs (Liu et al., 2011; Wallbrink and Murray, 1993). This technique 
provides valuable data for conservation management as it pinpoints the major contributing 
erosion processes (Evrard et al., 2016). 7Be has been used to estimate the rate of overbank 
sedimentation in river systems or the rate of sedimentation in tidal banks (Blake et al., 2002; 
Neubauer et al., 2002). The comparison of floodplain inventories with a nearby reference site 
indicates deposition rate in these floodplains at a high accuracy, which is difficult to assess 
with conventional methods (Blake et al., 2002). 
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Two approaches have been used to estimate sediment transport distance and residence 
time. A first approach developed by Bonniwell et al. (1999) estimated the sediment transport 
distance by comparing 7Be activity in the suspended sediment with that of the source 
material and taking into account its decay considering an exponential decrease in the 7Be 
activity of the source material as it is transported downstream. This approach has been 
successfully applied by Matisoff et al. (2002) and Whiting et al. (2005), indicating a fast 
sediment flush out of the catchment during an intensive storm event. A second approach 
uses the ratio 7Be/210Pb to determine suspended sediment age and residence time (Gourdin 
et al., 2014; Le Cloarec et al., 2007; Whiting et al., 2005). The approach uses the rapid 
decay of 7Be compared to 210Pb as a basis for age estimation, with a low ratio 7Be/210Pb 
indicating a higher age, as 7Be decays faster than 210Pb. However, a problem with this 
approach is the addition of low activity sediment (e.g. sediment from bank collapses, 
sediment from gullies, re-suspension of channel bed material), which could influence age 
estimations. 
 
1.4 Assumptions and challenges to face for a robust use of 7Be as a 
sediment tracer 
The use of FRNs as sediment tracer is built upon three main assumptions related to (1) 
spatially uniform fallout, (2) immediate adsorption of the FRN by soil and sediment upon 
contact and (3) the irreversible sorption of the FRN to the soil particle during transport. Taylor 
et al (2013) pinpointed several knowledge gaps relating to these assumptions for the use of  
7Be, questioning their validity and the reliability of the 7Be  technique for estimating soil 
redistribution patterns. Taylor et al. (2013) evaluated these knowledge gaps for the 
application of 7Be as sediment tracer and concluded that additional research is needed to 
underpin the assumptions for the use of 7Be as a sediment tracer. Because many 
conventional studies relating to soil erosion were already performed in the Belgian Loam belt, 
which can be used as comparison, this area was chosen to evaluate the use of 7Be as a soil 
erosion tracer. This section briefly discusses the most important knowledge gaps and 
challenges faced. 
 
1.4.1 Standardized sampling strategies 
As 7Be is commonly limited to the upper 20 mm of the soil profile a detailed sampling 
methodology is needed to evaluate its depth distribution accurately. To obtain this accuracy 
different sampling methodologies have been developed such as 1) a manual scraping 
method (Blake et al., 1999), 2) a scraper plate method (Campbell et al., 1988; Zapata, 2002), 
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3) the use of sampling cores (Bacchi et al., 2003; Jha et al., 2015; Schuller et al., 2010), 4) a 
wood router method (Wallbrink and Murray, 1996b), and 5) the use of a metal frame inserted 
in the ground with predefined cutting planes (Wilson et al., 2003; Zhang et al., 2014). The 
use of such different sampling techniques could influence the measured 7Be activity. In order 
to standardize the sampling of fine soil increments, Mabit et al. (2014a) developed a new 
tool, the fine soil increment collector (FISC), which allowed a fast and accurate sampling of 
the 7Be depth distribution. However, validation of this tool is limited and its performance 
should be compared with other sampling techniques (Baumgart et al., 2016). 
 
1.4.2 Variations in 7Be depth distribution 
A crucial component of the conversion model is the accurate determination of the 7Be depth 
distribution. In normal conditions the 7Be distribution is observed to decrease exponentially 
with depth, although some examples exist where the 7Be distribution deviates from this 
exponential decrease. These deviations were related to changes in grain size and 
preferential infiltration along macropores (Bundt et al., 2000; Casey et al., 1986; Wallbrink 
and Murray, 1996a). In studies at hill slope scale, this depth distribution is assumed to be 
constant across the study area and is thus collected at one reference site in the study area 
(Blake et al., 1999). However, as physical characteristics of the soil can vary greatly across a 
hill slope (Strudley et al., 2008), so might the 7Be depth distribution. To the best of the 
author’s knowledge, the spatial variability of the 7Be depth distribution across a hill slope has 
not been studied to date. Since the variability in 7Be depth distribution is linearly propagated 
in variability in erosion estimates, it is of crucial importance to increase understanding of the 
variability in 7Be depth distribution across a hill slope and its consequences for soil 
redistribution estimates. An important restriction exists on the number of 7Be depth 
distributions which can be measured during one study, due to the large number of samples 
to be measured and the long measuring time (more or less 24 hours) needed to measure 
one sample in combination with the short half-life of 7Be. Therefore it would be of interest to 
identify the key controlling factors of the 7Be depth distribution and use these as a proxy to 
estimate the variability in the 7Be depth distribution across a study area. 
 
1.4.3 Rapid and irreversible sorption behavior across changing environments 
Reliable application of 7Be as a sediment tracer requires a robust validation of the key 
assumptions relating to the rapid and irreversible adsorption of 7Be to soil particles, which is 
lacking. Especially at a catchment scale, questions arise to the validity of these assumptions 
(Taylor et al., 2013). Therefore additional research on the geochemical behavior of 7Be in a 
range of environments is required. Several studies evaluated its irreversible sorption to soil 
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by laboratory extraction techniques (Armiento et al., 2013; Taylor et al., 2012b), but failed to 
test this in natural conditions. There still exists a lot of uncertainty in the sorption behavior of 
7Be and its possible mobility in changing environmental conditions, which should be 
addressed before upscaling the use of 7Be to a catchment scale. Up to date only one study 
evaluated the rapid sorption of Be in one soil type. Taylor et al. (2012) reported that 93% of 
the Be in solution was sorbed to the soil particles after 0.1h contact. However, since sorption 
characteristics change with soil type, the rapid sorption to a broader range of soil types 
should be evaluated. Dalgleish and Foster (1996) evaluated the possibility of loss of 137Cs in 
solution prior to sorption to the soil due to runoff and concluded that a significant part (10%) 
of the 137Cs could be lost in overland runoff prior to sorption. Similar runoff processes could 
influence 7Be distributions across a study area as suggested by Wallbrink and Murray 
(1996b). This can be evaluated by creating a 7Be budget taking into account 7Be input and 
7Be loss due to erosion and decay 
 
1.4.4 Validation of erosion rate estimations based upon 7Be measurements 
Although 7Be has been used frequently to assess the soil redistribution at the hill slope scale, 
the number of studies attempting to validate the results with traditional monitoring tools is 
limited and results vary. Schuller et al. (2006) found similar values of erosion rates based on 
erosion pin measurements and 7Be measurements, while Walling et al. (2009) found 
differences up to one order of magnitude. However, several difficulties arise with the use of 
erosion pins as a validation tool. Firstly, erosion pin measurements are point measurements 
prone to a large variability. Secondly, the installation of erosion pins gives rise to problems of 
soil disturbance and soil settlement after plowing, in turn influencing soil redistribution 
patterns. Another approach for validation might be runoff collection exported from the study 
field, or a combination of both validation approaches. Only Shi et al. (2011) used both 
approaches in one study at a 5 by 20 m erosion plot, and found a discrepancy of only 14% 
between the soil loss measured by 7Be and the collected soil export. Since 7Be depth 
distributions and inventories are likely to vary across a hillside, the 7Be methodology should 
be validated in varying environments. 
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1.5 General aim and specific objectives 
As 7Be could provide a quick, cost effective answer to the increased need for accurate spatial 
data of soil redistribution, a more detailed knowledge and validation of the assumptions 
associated with the use of 7Be is needed. This thesis aims to fill the knowledge gaps as 
discussed in the previous sections and to use 7Be to evaluate the efficiency of erosion control 
measures where spatial soil redistribution patterns are key to their success. This general aim 
can be translated in the following three objectives, with their specific research questions: 
 
1) To underpin the up-scaling of 7Be tracer applications from hill slope to catchment-scale, 
greater knowledge of its geochemical behavior is required. Therefore the assumptions of 
rapid and irreversible sorption of 7Be to soil particles in a broad range of environments 
should be validated. 
- Is 7Be rapidly adsorbed upon contact with soil particles in a broad range of soil 
types? 
- Does 7Be remain sorbed to the soil under different environmental conditions? 
- Do chemical characteristics of the soil influence the sorption behavior of 7Be to 
soil particles? 
 
2) To test and calibrate the conventional 7Be-based depth profile conversion model to 
estimate soil redistribution. 
- Does the sampling methodology influence the 7Be depth distribution pattern? 
- Is the 7Be depth distribution influenced by physical soil characteristics, like the 
hydraulic conductivity? 
- Can the hydraulic conductivity be used as an eventual correction factor in the 
depth profile-based conversion model? 
- Do variations in 7Be reference inventory and 7Be depth distribution over a small 
watershed support the use of 7Be as a sediment tracer over this spatial scale? 
 
3) To validate the calibrated 7Be conversion model and to evaluate the effect of specific land 
use management on soil redistribution by using 7Be to underpin soil conservation 
strategy selection. 
- Is the soil export measured with the 7Be methodology comparable to the soil 
export physically collected during rainfall simulations? Do the 7Be measurements 
provide an added value compared to traditional monitoring techniques? 
- Can 7Be be used to evaluate the effect of different tillage methods on soil loss in 
small plots in the Belgian loam belt? 
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1.6 Outline of the dissertation 
The overall structure of the thesis is shown in Figure 1.3. Chapter 1 provides a general 
introduction to the use of 7Be as a soil erosion tracer, describes the knowledge gaps 
concerning the 7Be methodology and stipulates the objectives of this PhD thesis. Chapter 2 
focuses on the first objective and discusses the geochemical behavior of 7Be in a broad 
range of soils and environments. In this chapter the adsorption rate of Be is tested in seven 
soil types to evaluate the rapid and uniform adsorption of Be on these soil types. 
Furthermore different amendments are applied on the soils and pure clay minerals are 
spiked with regularly occurring cations to evaluate the influence of chemical characteristics 
on the sorption behavior of Be. Finally, this chapter measures the concentration of Be 
leached from different pre-spiked soils. In Chapter 3, the second objective is addressed as 
two sampling strategies, namely the traditional scraping technique and the use of a fine 
increment soil collector are tested and their influence on the measured soil loss is evaluated. 
This chapter also contains a discussion about the influence of physical soil characteristics on 
the 7Be depth distribution where compacted and non-compacted soils are compared. For a 
better understanding of the influence of compaction on the 7Be depth distribution, CT scans 
were taken to investigate the presence of macropores in both soils. Chapter 4 attempts to 
calibrate the conversion model by establishing a relationship between the hydraulic 
conductivity and the 7Be depth distribution and using this relationship as a correction factor. 
Chapter 5 concludes the third objective as it validates the use of 7Be by comparing the soil 
export collected during rainfall simulations and the estimated eroded soil obtained from 7Be 
measurements. In this chapter the effect of three tillage techniques, conventional tillage, non-
inversion tillage and strip-till on soil redistribution is compared. The final 6th chapter contains 
a general discussion of the implications of the results obtained in this research, along with a 
concise summary and recommendations for future research. 
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Beryllium-7 (7Be) has been used as a sediment tracer to evaluate soil redistribution rates at 
hill slopes and as a tool to estimate sediment residence time in river systems. A key 
assumption for the use of 7Be as a sediment tracer is the rapid and irreversible sorption of 
7Be upon contact with the soil particles. However, recent studies have raised questions about 
the validity of these assumptions. Seven soil types were selected to assess the adsorption 
rate of 7Be on the soil particles, subsequently an extraction experiment was performed to 
assess the rate of desorption. Next, different treatments were applied to assess the impact of 
soil pH, fertilizer, humic acid and organic matter on the adsorption of Be. Finally, the 
influence of regularly occurring cations present on the soil complex on the adsorption of Be 
on pure clay minerals was evaluated. The adsorption rate experiment showed a rapid and 
nearly complete sorption of Be for Luvisols and Cambisols under agriculture. For a temperate 
climate Stagnosol under forest and two highly weathered tropical Ferralsols sorption of Be 
was less rapid and less complete. This may result in an incomplete adsorption of 7Be on 
these three soils when runoff initiates, which could lead to an overestimation of erosion rates 
and sediment residence time. Additional observations were made during the extraction 
experiment, showing a significant loss of Be from the forest Stagnosol and a stable binding of 
Be to the arable soils. Of the different treatments applied, only pH showed to be of influence. 
Finally, Ca2+ and NH4
+ on the soil complex had only a limited effect on the adsorption of Be, 
while Al3+ in combination with a low pH inhibits the adsorption of Be on the exchange 
complex of the pure clay minerals. All these findings more rigorously support the use of 7Be 
as a soil redistribution tracer in arable soils in a temperate climate at a hill slope scale. The 
use of 7Be in highly weathered Ferralsols or forest rich environments should be limited to 
avoid overestimations of erosion rates. The spatially extended use of 7Be to evaluate 
residence times of sediments should be avoided in catchments with rapid changing 








Fallout radionuclides (7Be, 137Cs and 210Pb) are a frequently used tool to assess soil 
redistribution (Ritchie and Ritchie, 2005; Taylor et al., 2013). These fallout radionuclides 
(FRN) provide a fast, non-invasive manner to assess soil redistribution on a short to medium 
term time scale (Dercon et al., 2012; Mabit et al., 2008a). Beryllium-7 (7Be) is the most 
recently used FRN and has been widely used to assess short term soil redistribution, i.e., 
within several hours up to a couple of months (e.g.: Blake et al. 2009; Schuller et al. 2010; 
Walling et al. 2009). 7Be has several advantages over the more frequently used FRN 137Cs, 
most important 7Be is a natural cosmogenic radionuclide with a relatively constant, 
continuous production. This means that potential sources of uncertainty with respect to 
environmental behavior can be readily assessed (cf. Parsons and Foster 2011; Taylor et al. 
2013). The short half-life of 7Be (53.3 days) results in the possibility to evaluate the short 
term impact of land use change on soil redistribution in contrast to the longer lived 
radionuclides 137Cs and 210Pbex. 
 
Recently, the use of fallout radionuclides as soil erosion tracers has been criticized because 
of existing knowledge gaps related to the assumptions underpinning their use (Parsons and 
Foster, 2011; Taylor et al., 2013). The most important assumptions made are the rapid 
adsorption of the FRN upon contact with the soil and the irreversible sorption to the soil 
particles across the timescale of use. Taylor et al. (2013) identified key knowledge gaps with 
regard to environmental behavior and emphasized the need to evaluate these assumptions 
to underpin the use of 7Be as a soil erosion tracer at the hill slope and catchment scale. 
Currently, rapid sorption is largely assumed due to the superficial (i.e. <20 mm depths) 
presence of 7Be in the soil (Blake et al., 1999; Schuller et al., 2010), although exceptionally 
7Be is found at greater depths (Casey et al., 1986). Takahashi et al. (1999) stated that in a 
solution with a pH between 5-7, which is common for rainwater and most agricultural soils, 
Be is present in the form of Be2+ or BeOH+. Both cations rapidly sorb to soil particles. The 
assumption of rapid sorption of 7Be upon contact with soils was supported by Taylor et al. 
(2012a) for a common UK agricultural soil type. They reported that 93% of the Be in solution 
was sorbed to the soil particles after 0.1 h contact. However, several factors such as pH, 
complexation with dissolved organic compounds, presence of hydrous oxides and humic acid 
have been shown to influence sorption behavior of 7Be in the soil (Armiento et al., 2013; 
Baskaran et al., 1997; Takahashi et al., 1999) highlighting the need to assess sorption 
behavior in a range of environmental conditions. The adsorption rate of Be on different soil 
types was therefore measured in this research to quantify possible losses of Be dissolved in 
the runoff or leaching water, which would result in an overestimation of erosion rates. 
 





Aldahan et al. (1999) discovered that mineralogy can influence the total fraction of Be sorbed 
to the soil particles. As such, biotite adsorbed up to 40 times more Be than albite under 
similar conditions. Furthermore, the presence of frequently occurring cations in the soil can 
influence (de)sorption of exchangeable metals like Be due to the competition between these 
cations for binding sites (Gil-Garcia et al., 2008). Recent research demonstrated the 
influence of physical soil properties. A positive correlation was found between the infiltration 
rate and the depth upon which 7Be is found (Chapter 3). Yet, to date, there is a general lack 
of research into geochemical sorption behavior of Be for a range of global soil types. 
 
Also the irreversible sorption of fallout radionuclides exposed to changing environmental 
conditions has been questioned (Armiento et al., 2013; Parsons and Foster, 2011; Taylor et 
al., 2013). Commonly, 7Be is used as a soil erosion tracer at hill slope scale. At this scale 
changes in environmental conditions are believed to be small and irrelevant for 7Be erosion 
measurements under aerobic conditions (Taylor et al., 2012a). However, 7Be is not only used 
to monitor soil erosion at hill slope scale, but also for sediment source fingerprinting (Evrard 
et al., 2016; Wallbrink et al., 2003; Wilson et al., 2007) and sediment transport distance and 
residence time estimations at a catchment scale (Gourdin et al., 2014; Le Cloarec et al., 
2007; Matisoff et al., 2005). Robust data supporting the assumption of irreversible sorption of 
7Be over a broad range of environmental conditions is generally lacking (Mabit et al., 2008a; 
Taylor et al., 2012a). The number of studies evaluating the reactivity and the mobility of 7Be 
is limited and results vary significantly. Two recent studies (Armiento et al., 2013; Taylor et 
al., 2012a) using the BCR (Community Bureau of Reference) three step extraction procedure 
indicate a high mobility of Be in the soil. Armiento et al. (2013) evaluated the mobility of Be in 
two soil types, namely a volcanic soil type rich in ignimbrite and a paleosoil sample. They 
found a total extraction of 60-70% of the Be from the soils, with 20% of the Be associated 
with the exchangeable fraction, 20-40% of the Be was found in the reducible fraction and 
around 20% was extracted in the oxidisable phase in both soils (Armiento et al., 2013), 
indicating potential for higher mobility of Be than previously shown (Olsen et al., 1986). As 
these soil types are not frequently occurring Taylor et al. (2012a) evaluated the mobility of 
7Be in a sandy silt loam soil in Devon, UK, with the BCR extraction method. The 
exchangeable fraction amounted to 27-37%, the reducible fraction to 42-62% and more or 
less 21% was associated with the oxidisable fraction (Taylor et al., 2012a). 7Be is believed to 
initially bind to exchangeable sites followed by a stronger sorption at higher energy bindings, 
and sorption is influenced by pH (You et al., 1989). This indicates the possibility of 7Be 
mobility under changing environmental conditions as the 7Be is transported downstream in 
the catchment (Taylor et al., 2012a), namely in reducing environments and environments 
which could influence the exchangeable fraction e.g. environments with varying pH. It should 
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be noted that the harsh chemical conditions used during the sequential extraction procedures 
might not be representative for sorbed Be in contact with a natural soil solution. 
 
A detailed study is needed to evaluate the rapid and total sorption of 7Be across a broader 
range of soil types. An adsorption rate experiment was performed with seven different soils 
under different land uses. An evaluation was made of the total sorption of Be on soils treated 
with different amendments that alter their pH and organic matter content. Although erosion 
studies with 7Be are commonly not performed under dense vegetation due to the high 
variation in 7Be deposition and the low erodibility of these areas, a forest soil was included in 
the experiment to assess the influence of forests in catchment sediment source fingerprinting 
studies. Next, the influence of clay mineralogy and the presence of frequently occurring 
cations on the sorption of Be was evaluated by saturating six pure clay minerals with NH4
+, 
Ca2+ and Al3+. Several authors state competing cations like Ca2+ and Al3+ might influence the 
degree of sorption (Srivastava et al., 2005; Graly et al., 2010; Willenbring and von 
Blanckenburg, 2010). A lot of uncertainty exists on the mobility of 7Be in the soil and a 
greater knowledge of the geochemical behavior of 7Be is needed to upscale the application 
of 7Be to catchment-scale. To address the issue of 7Be mobility seven soils spiked with stable 
Be were leached with solutions with varying pH and various concentrations of humic acid to 
evaluate Be mobility under different environmental conditions that influence the 
exchangeable fraction of Be in the soil. 
 
2.2 Materials and methods 
2.2.1 Soil characterization 
Five sites were selected for sample collection in central Belgium (50°48’N 3°36’E) to ensure 
a broad range of soil types and textures representative for this area. The sampled soils were 
classified as Luvisols, Cambisols and Stagnosols (IUSS Working Group WRB, 2006). 
Furthermore, two soils were sampled in the Democratic Republic of the Congo to assess the 
adsorption differences of highly weathered, tropical soils (longitude: 14°38’00”E, latitude: 
5°35’10”S). These soils were classified as Rhodic and Xanthic Ferralsols (IUSS Working 
Group WRB, 2006). Disturbed soil samples of the upper 15 cm of the soil were collected in 
triplicate. 
 
The USDA textural class of these seven soils ranges from a loamy sand to clay. The fraction 
>2mm was removed for all experiments. Soil pH was measured with a glass electrode 
(Thermo Orion, 420A plus) in a soil:ultra-pure water ratio of 1:5. Organic carbon was 
analyzed using the method of Walkley and Black (1934). Cation exchange capacity (CEC) 
 





was determined by saturating the adsorption complex with NH4
+ ions by applying an 
ammonium acetate solution buffered at pH 7 (Cottenie et al., 1982). Plant available K, Na, 
Ca, Mg, and available P were determined upon extraction with an ammonium lactate-
ammonium acetate buffer at a pH of 3.75 (Egnér et al., 1960). Fe and Al were extracted by 
ammonium oxalate in the dark (Blakemore, 1987), all were followed by analysis by 
inductively coupled plasma spectroscopy (ICP-OES, iCAP 6300 series, Thermo Scientific). 
The characteristics of the different soils are given in Table 2.1. 
 
2.2.2 Adsorption rate of Be 
An approach similar to Taylor et al. (2012a) was used to assess the adsorption rate of Be on 
the different soils. The different soil samples were equilibrated with a stable Be solution 
(1 mg L-1) at a soil:solution ratio of 1:10, thus obtaining a soil Be concentration well 
exceeding background values while avoiding oversaturation with Be. The stable Be solution 
was obtained by dissolving BeCl2 (99%, Sigma-Aldrich) in ultra-pure water and the pH of the 
solution was altered to 5.6 with 0.1M NaOH to obtain a pH similar to that of rainwater. Long-
term monitoring of bulk precipitation at different forest sites in central Belgium gave an 
average pH value between 5.5 and 6 (Van Ranst et al., 2004). The temperature was kept 
constant during the experiment at 20°C. At different time intervals (1min, 5min, 30min, 1h, 
4h, 8h, 16h, 24h, 48h) the solution was centrifuged at 2000g for 20 min to separate the solid 
fraction from the supernatant. The actual contact time between soil and liquid is therefore 
larger than the nominal time intervals. As a result, the percentage of adsorption at a given 
time interval might be overestimated. The supernatant was analyzed with ICP-OES to assess 
the remaining Be concentration in the solution. Afterwards all glassware was rinsed with a 
known volume of 1M HCl, this rinse solution was analyzed to ensure no Be was lost by 
adsorption on glassware. Adsorption was determined by comparing the Be concentration 
remaining in the supernatant versus the initial Be concentration of the spiked solution. 
Partition coefficient values (Kd) were calculated at equilibrium (48h) as the ratio of the sorbed 
Be ([𝐵𝑒]𝑡𝑜𝑡𝑎𝑙 − [𝐵𝑒]𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡, mg L
-1) over the product of the remaining Be concentration in 
solution ([𝐵𝑒]𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡, mg L



















          
 
Table 1: General soil characteristics of theseven experimental soils. The various cation concentrations are the extraetabie concentrations. 
Textural WRB pH H20 Reference Sand Silt Clay oe CEC Ca K Mg Na p Al Fe Land use cl a ss Soil Group (1 5) 
(%) (%) (%) (%) 
(cmol• (mg kg·' soil) kg·' soil) 
Silt loam Luvisol 30 56 14 0.25 7.0 9.3 4839 503 98 27 45 573 1947 e ropland 
Loam Stagnosol 33 50 17 7.45 4.2 12.5 3291 166 170 1 206 707 2513 Forest 
Silt Luvisol 9 80 10 1.48 7.2 11.8 9661 163 471 71 37 468 2118 e ropland 
Clay Cambisol 17 32 51 3.45 7.7 30.5 1231 243 104 5 390 613 2437 Grassland 
Loamy 
Cambisol 73 23 4 0.86 7.0 6.3 332 96 47 9 20 501 1206 eropland sand 
Clay Ferralsol 8 31 61 0.48 5.3 12.0 368 35.1 30 32 ND 1550 ND Grassland 
Clay Ferralsol 6 28 65 ND 5.5 9.4 656 35.1 40 23 ND 650 ND Grassland 
CEC: cation exchange capacity; ND: not determined; OC: organic carbon; WRB: world reference base. 
 





2.2.3 Influence of clay mineralogy and the presence of naturally occurring cations 
Six clay minerals were selected representative for the study area in central Belgium, namely: 
montmorillonite, glauconite, illite, chlorite, muscovite and vermiculite; kaolinite was excluded 
in this study. All six clay minerals were saturated with one of the frequent, naturally occurring 
cations (NH4
+, Ca2+ and Al3+) by washing these clays in a 0.1M NH4Cl, CaCl2 or AlCl3 
solution, respectively, followed by a secondary washing with respectively NH4CH3CO2, 
Ca(CH3CO2)2 or Al(CH3CO2)3 for 30 minutes. This process was repeated a second time for 
all samples. Each of these cations will saturate the binding sites, with a different binding 
strength, and hence might impede sorption of Be on the clay minerals (Pils and Laird, 2007). 
Ammonium and calcium were chosen since these are frequently applied on cropland, 
approaching saturation in these soils. Aluminium was considered in this study as the 
strongest binding, naturally occurring cation in significant quantities in the soil. Clay minerals 
were shaken for 24 hours in a stable Be solution (1 mg L-1) at a soil:solution ratio of 1:10 to 
ensure equilibrium was reached. The sorption of Be to these saturated clay minerals was 
evaluated after 1h and 24h. Samples were centrifuged at 2000g for 20 minutes for separating 
the solid fraction from the supernatant, and Be concentration in the supernatant was 
measured by ICP-OES to assess the total Be sorbed by the clay minerals. 
 
2.2.4 Sorption behavior of Be under varying pH, organic matter content and humic 
acid concentration 
To assess the possible influence of different soil characteristics, several amendments were 
applied on two of the soils collected in central Belgium, namely the silt loam soil (cropland) 
and the loam soil (forest). For both soils the organic matter was removed by loss on ignition 
at 500°C. This temperature was chosen to limit its influence on the chemical composition of 
the soil, although some soil physical properties like clay structure will alter during this heating 
process. Organic matter possesses a large binding capacity and its removal might limit Be 
sorption. In the second treatment, pig slurry was added to the soils to assess the possible 
influence of increased dissolved organic carbon (DOC) concentration and the particulate 
organic carbon content on the adsorption of Be. The quantity of pig slurry added to the soil 
corresponds to the legally allowed 170 kg N per ha in Belgium. Furthermore, Al2(SO4)3 was 
applied to acidify the neutral silt loam soil collected in cropland to a pH of 4.2 and NaOH to 
alkalinize the acid loam forest soil (similar to (Wang et al., 1993)) to a pH of 7.4. Finally, the 
influence of humic acid was evaluated by adding solid humic acid to the solution towards 
concentrations of 10 mg L-1, 50mg L-1 and 100 mg L-1 (humic acid sodium salt, technical 
grade 50-60%, ThermoFisher) to the equilibrium solution. Soils were shaken for 48h in a 
stable Be solution (1 mg L-1) at a soil:solution ratio of 1:10 to ensure equilibrium was 
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reached. Furthermore, for both soil types an analysis was done for the adsorption of Be per 
grain size class. The grain size classes were defined after removal of organic matter with 
H2O2 and CaCO3 with HCl followed by washing the samples three times with water to ensure 
no acid remains in the samples which could influence the adsorption of Be. Afterwards 
samples were centrifuged at 2000g for 20 minutes to separate the solid fraction from the 
supernatant, and Be concentration in the supernatant was measured by ICP. The soils used 
in section 2.2.2 were used as control samples for this experiment.  
 
2.2.5 Evaluating the irreversible sorption of Be by mechanical extraction  
Irreversible sorption of 7Be to the soil is a requirement for its use as a sediment tracer across 
the changing environment within a catchment. Several studies evaluated the possible 
desorption of Be by performing extraction experiments (Armiento et al., 2013; Taylor et al., 
2012a). However, these conditions do not reflect natural conditions, therefore an experiment 
was conducted testing the desorption of Be in more natural conditions with varying pH. The 
same procedure as in section 2.2.2 was used to spike all seven soils with Be. All soils (5 gr) 
were shaken for 48h in a stable Be solution of 1 mg L-1 at a soil:solution ratio of 1:10 to 
ensure equilibrium was reached. Afterwards samples were centrifuged at 2000g for 20 
minutes to separate the solid fraction from the supernatant, the supernatant was analyzed to 
obtain the percentage of Be adsorbed in equilibrium. Soil samples which were not spiked 
were used as a control to quantify the possible extraction of background Be present in the 
soil. After centrifugation the soil samples were air dried and packed in syringes. 
Subsequently, the soil samples were organized in three groups, each of them leached with a 
solution of variable pH (7, 5.6 or 4) over a period of 24h. The volume of leaching solution 
(40ml) corresponds to the average monthly rainfall in central Belgium. The pH of the leaching 
solution was adjusted by the addition of 0.1M HNO3 or NaOH, to reach a neutral pH of 7, a 
pH of 5.6 of acid rain, and a pH of 4 resembling the pH in forest soils in central Belgium. 
Furthermore, an extra set of leaching solutions was made by adding dissolved humic acid in 
concentrations of 10, 50 and 100 mg L-1 to the silt loam and loam soil. The leachate was 
analyzed for Be-concentration by ICP-OES (Varian Vista-MPX). 
 
2.2.6 Statistical data analysis 
The statistical analysis was performed with SPSS software. Normality was checked by a 
Shapiro-Wilk test. Since the data were not normally distributed, comparisons were made by 
non-parametric Kruskal-Wallis and Mann-Whitney U-tests.   
 






2.3.1 Sorption rate of Be on seven different soil types 
Within the first minute, between 72% to 97% of the added Be was sorbed (Figure 2.1). The 
highly weathered Ferralsols (OC = 0.5%, pH = 5.3-5.5) and the Stagnosol (OC = 7.5%, pH = 
4.2) collected under forest exhibited a significantly lower (p<0.01) initial adsorption rate  
(72% - 81%) compared to the arable soils collected in Belgium. After 48 hours, the total 
amount of Be adsorbed on the highly weathered Ferralsols was limited to between 82% and 
88%, whereas between 95% and 99% was sorbed in the arable soils in a temperate climate. 
The forest Stagnosol, collected in the same Belgian catchment, revealed similar sorption 
properties as the Ferralsols. The pH at equilibrium (48h) of the Ferralsols and the Stagnosol 
soil solutions ranged between 4.3-4.5, whereas that of the other soil solutions varied 
between 7.1 and 8.0. 
 
Figure 2.1: Mean percentage of Be adsorbed from the solution at different time intervals, standard 
deviations from the triplicates are shown. The white dots are the soils collected under grassland or 
arable land in Belgium, the gray dots are the tropical soils collected under arable land and the black 
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2.3.2 Influence of clay mineralogy and the presence of frequently occurring cations 
on the sorption of Be 
Untreated control clay samples without any addition of cations adsorbed about 100% of all 
Be added (data not shown). A significantly lower amount of Be was sorbed on the Al3+-
saturated clays (5-40%) compared to the NH4
+ and Ca2+ saturated clays (79-100%) (Figure 
2.2). In most cases, Be adsorption was high (between 85 % and 100 %) in the presence of 
NH4
+ and Ca2+, implying that standard agricultural practices of fertilizing and liming would 
only have a limited influence on the sorption of Be on clay minerals. However, liming acid 
soils will increase soil pH and therefore might increase sorption of Be on acid soils. For Al3+ 
saturated clays, Be sorption increased significantly after 24h compared to after 1h. Also Ca2+ 
saturated clays showed an increase in adsorption of Be after 24h although this was only 
significant for muscovite and vermiculite (Figure 2.2). With respect to Al3+, the clay minerals 
behave differently. Chlorite, muscovite and vermiculite sorb significantly less Be after Al3+ 
saturation compared to montmorillonite, glauconite and illite (Table 2.2), with the latter three 
having a more accessible interlayer space. 
 
 
Figure 2.2: Fraction of Be adsorbed from the Be solution (1 mg l
-1
) by different pure clay minerals 






) after 1 hour and 24 hours of contact time  
(* significantly different p<0.05). 
 








 Montmorillonite Glauconite Chlorite Illite Muscovite Vermiculite 
NH4
+ 6.7 6.5 6.3 6.7 6.5 7.2 
Ca
2+ 7.7 6.7 7.1 7.4 7.2 7.3 
Al
3+ 3.5 3.8 3.4 3.7 3.7 3.7 
 
 





2.3.3 Sorption behavior of Be under different treatments 
In general, similar to the results obtained during the adsorption rate experiment a significantly 
lower adsorption of Be on the forest loam soil is observed compared to the arable silt loam 
soil after equilibrium with the amendments (Figure 2.3). Be sorption increased with an 
increase in pH. On the arable silt loam soil, Be sorption decreased significantly at low pH, 
whereas increasing the pH of the forest loam soil to 7.4 significant increased the sorption. Be 
sorption by both the silt loam and the loam soil was not influenced by the removal of organic 
matter or the addition of the pig slurry (Figure 2.3). Also the concentration of humic acid in 
the equilibrium solution did not affect the amount of Be sorbed. Smaller grain size classes 
exhibited significant higher sorption than the coarser fractions (Figure 2.4). Differences 




Figure 2.3: Fraction of Be adsorbed from the solution at equilibrium after the application of the 
different amendments. Significant differences (p<0.05) are indicated by *. 
 
 
Figure 2.4: Percentage of Be sorption on the silt loam and loam soil per grain size class. 
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2.3.4 Desorption of Be in varying pH conditions of the seven experimental soils 
No influence was observed in the desorption of Be in a clear unambiguous manner due to 
the variation in pH of the leaching solution between 4 and 7 (Figure 2.5). The concentration 
of extracted Be in leachate of the forest loam samples varied between 244 and 351 µg L-1, 
being significantly higher than the Be concentration measured in the leachates of all other 
soil samples. Prior to the extractions, between 85% and 99% of the Be was adsorbed to the 
soil particles. This means that between 22% (±1%) and 31% (±3%) of the Be was extracted 
from these soil samples (Figure 2.5). In contrast, the concentration in the leachate of the clay 
soils was significantly lower than the other samples (5.6-7.2 µg L-1). The extraction of Be 
from the clay samples is limited to 0.47-0.60%, indicating a much stronger binding of Be to 
the clay particles. The Xanthic Ferralsol showed slightly higher desorption amounts 
compared to the other arable soils. All other arable soils showed similar desorption 
characteristics where the total desorption accounted for 1.2-5.0% of the adsorbed Be at 
equilibrium. The pH in the leachate is strongly buffered by the clay and silt soil in the 
columns, while the buffering capacity of the other soils is lower (Table 2.3). Be quantities in a 













Table 2.3: pH of the leachate for the different leaching solutions 
pH leaching 
solution 







7 7.0 4.2 7.2 7.7 7.0 5.3 5.5 
5.6 5.4 3.8 6.9 7.4 4.6 4.1 4.4 
4 5.2 3.6 6.8 7.1 3.9 3.9 4.2 
 
Be desorption and humic acid concentration of the leaching solution were significantly 
correlated for both the silt loam and loam soil, with increasing desorption in the presence of 
increasing concentrations of humic acid in the extraction solution (Figure 2.6). The 
concentration of extracted Be in the leachate of the loam samples varied between 240 and 
392 µg L-1, being significantly higher than the 5 - 11 µg L-1 measured in the leachate of the 
silt loam soil samples. This again shows the possible mobilization of Be in an acid forest 
environment while the Be in the arable soils is more stable. 
 
 
Figure 2.6: Concentration of Be (µg l
-1
) in the extracted solution for the silt loam and loam soil after 
addition of humic acid at different concentrations to the extraction fluid. Significant differences (p<0.05) 








2.4.1 Influence of soil properties on the sorption rate of Be 
Prior to interpreting these results it should be stressed that the adsorption rate experiments 
were performed at a concentration much higher than natural conditions. Thus, adsorption in 
natural conditions might be underestimated in this experiment. The concentration of Be in 
precipitation or stream water is around 0.05 µg L-1 (Neal, 2003). Nevertheless, the arable 
soils collected in Belgium are characterized by a rapid sorption of Be, supporting the validity 
of the assumption of rapid sorption of Be upon contact with soil particles, which up to date 
was mostly assumed by the superficial presence of 7Be in the soil profile (Blake et al., 1999; 
Walling, 2012). The adsorption for the arable soils in this study were similar to those found by 
Taylor et al. (2012a), with a rapid Be sorption of 93% (0.1h of contact time). The amount of 
Be lost due to wash out with runoff water will be minimal in these cases. The partition 
coefficient values (Kd) at equilibrium obtained for the arable soils ranged between 200 and 
1800 l kg-1, similar to the value found by Taylor et al. (2012a) (1600 l kg-1) and as reported in 
soils by the IAEA (IAEA, 2009). Other studies reported higher Kd values of 10
4-105 l kg-1 (Dibb 
and Rice, 1989; Olsen et al., 1986; You et al., 1989). These studies, however, were 
performed with suspended sediment concentrations up to 100 times lower than used in this 
study. This resulted in higher Kd values (Huang et al., 2011). Furthermore, suspended 
sediment has, in general, a finer grain size distribution and thus a higher affinity to bind Be 
compared to the soil samples used in this study. Aldahan et al. (1999) state that the 
calculation of Kd might not be valid at pH>6 due to the precipitation of Be(OH)2,solid. As the pH 
of these soils was above 7 precipitation of Be cannot be excluded, however Takahashi et al. 
(1999) evaluated the distribution behavior of Be over a pH continuum and concluded that 
only 10% of Be will be present as Be(OH)2 at a pH of 7.4. Precipitation effects will thus be 
limited in this study. If Kd is calculated for a pH > 6, precipitation effects would lead to an 
increased Kd. You et al. (1989) observed an increase of Kd with pH between a pH of 0 and 6, 
but at pH > 6 the Kd became constant due to these precipitation effects. The Kd-values 
obtained in this study in the soil samples with a pH > 6 should therefore be interpreted with 
care. 
 
A sorption reaction depends mainly on the pH, the identity and concentration of the sorbate, 
the presence of competing sorbates, the formation of complexes and the abundance of 
surface-binding sites on the sorbent (Smith, 1999). In the acid, organic matter rich forest soil 
a lower sorption of Be was measured. In the presence of a high organic matter content 
combined with a pH of around 4.2, Be is present in the humate complex which is less 
reactive compared to free Be(OH)+ and Be2+ which is found in the absence of humic acid at a 
 





pH of ca. 7 (Takahashi et al., 1999), characterizing the other Belgian soils. The lower 
sorption of Be on the forest soil is translated in a Kd-value of only 85 L kg
-1 at equilibrium. 
 
Both Ferralsols had a lower initial (72-74 %) and equilibrium (84-89 %) Be sorption, 
translated in a Kd-value of 53 and 82 L kg
-1, and thus in such tropical environment, the loss of 
7Be prior to sorption cannot be neglected. It should be noted that the contact time of the initial 
time interval is larger than the given one minute due to the contact during centrifuging. 
Therefore, the adsorption of Be at a short contact time might be less than the 72-74 % 
determined in the experiment. Due to the high concentration (1 mg L-1) used in this 
experiment the lower sorption in the tropical soils might be overestimated compared to 
natural conditions with lower Be concentrations. These adsorption percentages should 
therefore not be interpreted as absolute adsorption percentages but rather as an indication of 
a relative difference between the soil types used in this study. Nevertheless, the lower 
sorption of the tropical soils indicates the possibility of 7Be loss prior to sorption, specifically 
when superficial runoff initiates and studies performed in these environmental conditions 
should be aware of overestimating the erosion rate due to incomplete sorption upon contact 
with the soil. Given the use of 7Be as a sediment tracer on a time scale of a single event, 
possible variations in adsorption rate at this time scale (minutes to several hours) might 
influence the estimated soil redistribution pattern at a hillslope scale. To quantify the possible 
loss of Be prior to sorption an experiment similar to Dalgleish and Foster (1996) should be 
performed with natural 7Be concentrations. The tropical soils are characterized by a low soil 
pH (4.3-4.5) after equilibration with the Be solution, a low cation exchange capacity (CEC), a 
low concentration of the exchangeable cations Ca2+, K+, Mg2+ and Na+, and a high 
concentration of Al3+. The slower and lower Be sorption, compared to the other soils where 
sorption was nearly instantaneous, is partly explained by their low CEC. Furthermore, there 
is a high competition for the limited number of binding sites between Al3+ and Be2+. In 
general, triple charged cations are bound more tightly than cations with a lower charge 
(Kruglov et al., 2008), hence Be2+ has a lower affinity for the binding-sites compared to Al3+. 
Secondly, the radius of the cations is of importance in controlling the strength of binding, with 
smaller cations binding more tightly than larger cations. Be2+, being one of the smallest 
cations, has a higher affinity than Ca2+ and Mg2+. Typically, tropical soils are rich in Fe-oxides 
and Al-hydroxides, which also might influence Be sorption by complexation. There is proof 
that 10Be might co-precipitate with Fe and Mn-(hydr)oxides (Wittmann et al., 2012). Singleton 
et al. (2017) stated that grain coatings are more import than grainsize or mineralogy in 
determining sorption of Be in the soil. Their results showed a strong association of Be to 
acid-extractable grain coatings that consist of iron-oxides, clay minerals and carbonates. The 
complete weathering of the clays and the absence of carbonates might lead to the decreased 
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Be sorption in the tropical soil compared to the temperate soils. More research is needed to 
evaluate the influence of the Fe-oxides and Al-hydroxides on the sorption of Be. The lower 
initial sorption at the Ferralsols can lead to the transport of 7Be in the dissolved phase with 
overland flow. This study indicates the potential loss of unbound 7Be in overland flow due to 
the limited contact time with soil particles in some specific environmental conditions. This 
potential loss was observed to be higher in the highly weathered tropical soils and 7Be should 
therefore be used carefully in these conditions, as the transport of unbound 7Be will lead to 
an overestimation of erosion rates. Simultaneously this experiment confirmed the rapid 
sorption of Be in arable, temperate conditions even at Be concentrations much higher than in 
natural conditions, underpinning the assumption of rapid sorption. More research is needed 
to evaluate the possibility of 7Be transport in natural concentrations in overland flow in 
different environments across the globe. 
 
2.4.2 Controlling factors clay mineralogy and presence of cations NH4
+, Ca2+ and Al3+ 
on Be sorption 
Competing cations may interact with 7Be sorption. In our study, the presence of NH4
+ and 
Ca2+ did not impact sorption of Be2+ onto the different clay minerals. Similar results were 
obtained for the sorption of Cs+ on NH4
+ rich soils (Staunton and Roubaud, 1997). However, 
clay minerals which were saturated with Al3+ showed a significant decrease of Be sorption. 
The pH of the Al saturated clay sample was significantly lower compared to the NH4
+ and 
Ca2+ saturated clay samples (Table 2.2). Al3+ replaces the H+ ions present on the clay and 
together with the hydrolysis of Al, causes the drop in pH. Both Al and Be have a similar 
electronegativity, but Al is a trivalent cation which can impede sorption of Be. The presence 
of Al3+ is a definite controlling factor in the sorption of Be, especially in tropical soils with a 
low pH. This is confirmed by the findings in the adsorption rate experiment, where the 
Ferralsols adsorbed only 85% of the Be. This will have a major influence on the applicability 
of Be as a sediment tracer in these environments. This is especially the case for studies 
using the ratio of 7Be and 210Pbex to monitor sediment movement across entire catchments, 
since soil type, pH and Al3+ concentration will vary within a catchment. 
 
Most clay minerals show a high binding efficiency during the first hour, nevertheless 
significantly larger Be sorption after 24h is observed for chlorite, muscovite and vermiculite, 
supporting the theory of You et al. (1989) that 7Be adsorption is a process in two steps, 
namely an initial binding to the easy exchangeable sites and secondly a slow diffusion 
towards the less accessible binding sites in the interlayer space and deeper into the lattice. 
 





Montmorillonite and illite show a significantly higher adsorption of Be compared to vermiculite 
(Table 2.4), except for the NH4
+ saturated clays due to a high variation. 
 







. The statistical differences indicated by different letters are the 
comparison of the mean for a given cation treatment. Over the different treatments, no statistical 






 treatment resulted in a 
significantly lower sorption. 
1 hour NH4
+ Ca2+ Al3+ 
Montmorillonite 0.93a 1.00a 0.47a 
Chlorite 0.97b 0.85b 0.06b 
Illite 0.97b 1.00a 0.29c 
Glauconite 0.99b 0.99a 0.26c 
Muscovite 0.94a 0.82b,c 0.06b 
Vermiculite 0.89a,b 0.79c 0.05b 
 
The differences observed between the different clay minerals can be attributed to the specific 
properties of the clay minerals, namely interlayer spacing, specific surface area, cation 
exchange capacity and the charge will influence the sorption properties (White, 2013). In 
chlorite and muscovite the negative charge is derived from isomorphous substitution in the 
2/1 layer neutralized by an unexchangeable brucite layer and unexchangeable K and 
vermiculite is characterized by a high interlayer cohesion. Montmorilonite has a lower charge, 
thus less cohesion, and glauconite and illite have water in the interlayer space, so the 
interlayer space of the three latter minerals is more accessible, compared to the first 3 
minerals. Selective sorption and desorption in phyllosilicates is a function of cation radius, 
accessibility of the interlayer space and the thickness of possible wedge-shaped zones. 
Furthermore, the selectivity of the sorption site might be of influence on the sorption 
characteristics observed, namely three types of exchange sites are important 1) regular 
exchange sites on the flat faces of the mineral crystallites, 2) clay edge sites and 3) high 
affinity sites in the interlayers of the clay minerals (Kruglov et al., 2008). This study shows 
7Be sorption will not be impaired by the presence of most frequent occurring cations in arable 
conditions present in the soil, however in an abundant presence of Al at a low pH sorption of 
7Be will not be complete. This critical abundance is depending on soil characteristics, like 
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2.4.3 The impact of DOC, pH, humic acids and organic content on Be sorption 
Although pig slurry increases pH, CEC, organic particulate carbon content, the presence of 
DOC and exchangeable Mg and Ca (During et al., 1973), no influence was observed in the 
adsorption of Be on the experimental soils. Baskaran et al. (1997) stated that higher fractions 
of 7Be remained in dissolved phase due to the complexation of 7Be with DOC in an estuarine 
environment. Similar results were observed for Zn, which has similar binding properties as 
Be, with a decrease of sorption of Zn in the presence of DOC (Mesquita and Carranca, 
2005). The results in this study indicate that under normal application of pig slurry the 
increase of DOC is not significant to impact the sorption behavior of Be in the soil. The 
concentration used in this study is low compared to that used in these other studies, which 
might explain the absence of this effect. 
 
Due to the high reactivity of 7Be and the presence of sufficient binding sites on the mineral 
soil fraction, the removal of the organic matter proved irrelevant for the sorption of 7Be, which 
binds on the available binding sites of the mineral soil fraction. The lower pH in combination 
with the addition of Al3+ to lower this pH resulted in a large decrease in Be adsorption of the 
silt loam soil. The use of Al2(SO4)3 to lower the pH increased the concentration of Al, a 
competing cation for the binding sites. The reduction of the Be sorption at a lower pH can 
therefore not be solely attributed to the decrease in pH. Nevertheless, research by You et al. 
(1989) confirmed the pH dependency of Be sorption. At equilibrium, the presence of humic 
acids in the solution did not seem to influence sorption. These results indicate that standard 
farming practices have a limited influence on 7Be sorption, which validates the use of 7Be as 
a sediment tracer in common arable conditions. 
 
2.4.4 The possible desorption of Be within a catchment soil-sediment continuum 
Recent research indicated the possibility of Be-mobility at altering pH (e.g. Armiento et al., 
2013; Bai et al., 1997; Taylor et al., 2012a). Our experiment showed that within a normal, 
naturally occurring pH range (4-7), the mobilization of Be is limited to less than 5% of the 
total sorbed Be for arable soils, supporting the use of 7Be as a tracer under common field 
conditions. However, Be extraction was high in the forest soil, in combination with the lower 
sorption measured during the adsorption rate experiment, this will lead to the overestimation 
of erosion rates or the transport distance or residence time of sediments in forest rich 
catchments An important remark here is that Be will probably sorb at both high and low 
energy sites when treated with a 1 mg L-1 Be solution, while the low Be concentration of 
precipitation will likely mainly sorb at high energy sites (Taylor et al. 2012b) resulting in an 
overestimation of the desorption rates in our experimental setup. For this the high desorption 
 





rate observed for forest soils should be interpreted with care. More research is therefore 
needed to quantify the mobility of 7Be in a changing environment (variations in land use, pH 
variations, reducing conditions,…) as the sediment is transported downstream. Although 
humic acid did not influence Be sorption in the previous experiment, desorption was 
enhanced in the presence of humic acid. Similar to Pb mobility, the mobility of Be is 
enhanced in the presence of humic acids as these are able to create complexes with metals 
(Jordan et al., 1997). Again this questions validity of the assumption of irreversible Be 
sorption in the case of forest rich environments. These findings support the stability of 7Be in 
common arable field conditions (pH = 6-8) in a temperate environment on a hill slope and 
thus the use of 7Be as a tracer to evaluate soil redistribution at this scale. However, the use 
of 7Be as a sediment tracer at a large catchment scale should be investigated more in detail 
for different types of catchments (e.g. dominated by forest or by agricultural, in different 
climatic zones or dominant soil types) since these results indicate the possible mobility of a 
fraction of the 7Be with changing land uses. Previous research (Armiento et al., 2013; Taylor 
et al., 2012a) indicated a large reducible fraction of Be, future research should therefore 
address the possible mobility of Be in reducing environments. 
 
2.5 Conclusions 
Recent research used 7Be as a tool to monitor soil redistribution at hill slope scale and to 
estimate sediment transport distance or sediment age. However, the interaction of 7Be with 
soil particles should be understood in more detail to correctly use this fallout radionuclide. 
This research showed a rapid sorption and the stability of 7Be on arable soils in Cambisols 
and Luvisols in a temperate climate in central Belgium. Nevertheless, sorption was less rapid 
in two Ferralsols (DR. of Congo) and a forest Stagnosol (Belgium) indicating the possible 
movement of 7Be unrelated of sediment transport. The possibility for 7Be to be transported in 
surface runoff prior to sorption to the soil particles cannot be disregarded, especially in these 
conditions, resulting in an overestimation of soil erosion rates linearly propagated to the loss 
of 7Be prior to sorption. The use of 7Be as tracer should thus be limited under these 
conditions. In addition, the presence of humic acids leads to a greater desorption of Be from 
the soil. Therefore, results obtained estimating sediment transport distance or sediment age 
should be interpreted with care in catchments with a large fraction of forest as land use. 
Furthermore, the presence of Al3+ in combination with a low pH did significantly reduce Be 
sorption, pinpointing to the need to evaluate the impact of this on erosion estimations in 
tropical soils. The presence of regularly occurring cations Ca2+ and NH4
+ was found to have 
no impact on Be sorption on different clay minerals. In combination with the stability of the Be 
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sorption and the rapid Be sorption in the arable soils, this supports the use of 7Be as a tracer 
to monitor soil redistribution on arable hill slopes in a temperate environment. 
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There is growing interest in the application of the natural fallout radionuclide 7Be as a soil 
erosion and sediment tracer. Development of robust datasets is, however, hampered by 
unquantified variability in its vertical distribution within surface soil. Models that convert 7Be 
inventory measurements to soil erosion estimates are all based on the observed depth 
distribution of 7Be, described by the relaxation mass depth (h0) parameter. Previous work, 
however, has not considered potential spatial variation in h0 linked to natural variability in soil 
physical properties, which could have major implications for the reliability of soil erosion 
estimates. 
Two complementary experiments were designed to study the variability in depth distribution 
within and between potential reference sites. First, a field sampling program was carried out 
whereby two reference sites with variable degree of compaction were sampled using two 
different sectioning techniques, i.e. by use of a fine increment soil collector (FISC) and the 
scraping methodology. During a laboratory rainfall simulation experiment, water spiked with 
stable 9Be was used to study the variability in 9Be soil depth distribution within and between 
the two reference sites. In the field experiment, variations in the 7Be depth distribution, and 
thus in h0, were limited between both reference sites (13 to 16%). In contrast, the impact of 
the sectioning technique was remarkable, with scraping resulting in a higher h0 (up to 60%) 
compared to the estimates based on the use of a FISC. The rainfall simulation experiment 
offered the opportunity to study the variation in 9Be depth distribution in more detail. With an 
average h0 of 4.66 kg m
-2, 9Be penetrated deeper in the non-compacted (NC) reference site 
cores, while the compacted (C) cores showed an average h0 of 2.42 kg m
-2. The reported h0 
values at the former site were also characterized by a larger coefficient of variation (24%) 
than those at the latter site (11%). Lower bulk density, higher infiltration rates and a pore 
network characterized by a higher macroporosity and connectivity, as revealed by the X-ray 
Computed Tomography (CT) scans, explained the deeper penetration of Be into the topsoil 
of reference site NC. 
The results indicate the importance of selecting appropriate reference sites and for ensuring 
an adequate sampling strategy to encompass local variability in soil physical properties. 
Hydraulic conductivity assessment could be a useful tool to properly assess suitable 








Reliable quantitative data on the extent of soil erosion is vital to support sustainable land use 
management. Soil erosion is expected to increase in many areas of the world in the 21st 
century with increasing population pressure and consequent problems of deforestation and 
land management issues (Nearing et al., 2004; Nearing and Hairsine, 2011). In this context, 
both on-site and off-site impacts of soil loss could influence food security and livelihood in the 
affected areas (e.g. Miller, 1997; Correl, 1998; Montgomery, 2007; Bilotta and Brazier, 2008, 
Weijters et al., 2009; Lal, 2011). However, obtaining accurate data with regard to spatial and 
temporal variability in soil redistribution can be problematic (Jetten et al., 2003). Traditional 
monitoring methods, although expensive, are unable to pinpoint the spatial distribution of 
sediment sources and require infrastructure investment that often disturbs the natural 
process (Walling, 2006). Fallout radionuclides (FRN) can provide an effective means of 
quantifying and assessing spatial variations in soil redistribution rates. The FRNs Cesium-
137, 137Cs, and Lead-210, 210Pbex, have been used for over 50 years to trace terrestrial soil 
redistribution, test mass balance models, evaluate efficiency of erosion control measures, 
and quantify the impact of catchment management practices on soil redistribution over a 
range of time scales (Ritchie and McHenry; 1990; Everett et al., 2008; Dercon et al., 2012; 
Porto and Walling, 2012; Wilson et al., 2012; Gaspar et al., 2013; Walling, 2013; Mabit et al., 
2014b). Recently, attention has been given to a natural FRN, namely cosmogenic Beryllium-
7 (7Be) (Blake et al., 1999; Schuller et al., 2006; Schuller et al., 2010; Dercon et al., 2012, 
Wilson et al., 2012; Walling, 2013) which offers a shorter term perspective more relevant to 
address land use change and management questions. Its continuous production and delivery 
also means that potential sources of uncertainty with respect to environmental behavior (cf. 
Parsons and Foster, 2011; Taylor et al., 2013) can be readily assessed. 
 
7Be is formed in the upper atmosphere by cosmic ray spallation of nitrogen and oxygen 
(Brost et al., 1991). After 7Be production, BeO or Be(OH)2 is formed rapidly and these 
become associated with submicron aerosols present in the atmosphere (Papastefanou and 
Ioannidou, 1995). Wet deposition is the main process (90%) for 7Be removal from the 
atmosphere towards the earth’s surface (Wallbrink and Murray, 1994; Ioannidou and 
Papastefanou, 2006). Given its short half-life (t1/2=53.3 days) 
7Be has the potential to be used 
as a tool to assess soil erosion of individual events or during short periods (up to months) of 
high rainfall (Walling, 2013). The isotope 7Be may become increasingly more important as a 
tracer to quantify the effect of extreme weather events on soil redistribution, which are 
expected to become more frequent due to climate change. 
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Most studies applying 7Be for erosion estimates use the standard approach of measuring 7Be 
inventories on a hill slope and compare these values with an inventory measured at a nearby 
reference site, where no erosion or deposition has occurred (e.g. Blake et al., 1999; Walling 
et al., 1999; Blake et al., 2002; Schuller et al., 2006; Blake et al., 2009; Schuller et al., 2010). 
Several key assumptions underpin such use of 7Be as a soil redistribution tracer, with the 
critical assumptions being 1) spatially uniform fallout of 7Be in the study area, 2) rapid 
adsorption of 7Be upon contact with the soil and 3) irreversible sorption to the soil particles 
across the timescale of use (Taylor et al., 2013). Furthermore, it is of critical importance that 
the recent land use history of reference site and study area is similar, in contrast to 137Cs 
where it is less relevant. Despite the widespread application of 7Be as a tracer, there still 
remain key knowledge gaps surrounding these assumptions (Taylor et al., 2013). 
 
Although the current conversion models (Blake et al., 1999; Walling et al., 1999; Walling et 
al., 2009) are built on specific assumptions, which must be explicitly acknowledged when 
interpreting data, there is a lack of reliable field-based data to underpin those (Taylor et al., 
2013). For accurate estimates of soil erosion, it is vital that assumptions and key components 
of models are tested to enable uncertainties to be quantified. A crucial component of the 
established conversion models that convert FRN inventory into soil loss or gain, is the shape 
of the 7Be depth distribution in the soil (7Be activity (Bq kg-1) against mass depth (kg m-2)), 
which is generally approximated by an exponential decrease with depth. The 7Be depth 
distribution is represented in the conversion model by the relaxation mass depth (h0, kg m
-2), 
which describes the shape of the 7Be depth distribution and is essential for estimating the soil 
redistribution (kg m-2). The profile distribution model is based on the comparison of the 7Be 
areal activity, or inventory, (Bq m-2) at the sampling location with the total areal activity at an 
undisturbed, stable reference site without erosion or deposition (Blake et al., 1999). Taking 
into account the shape of the 7Be depth profile, represented by the h0 parameter, the loss in 
7Be inventory compared to the reference inventory will reflect the mass depth of soil loss. To 
date, the shape of the 7Be depth distribution is generally obtained at one location in the study 
area and is then assumed to be characteristic for the entire study area. This is due to 
analysis constraints given the short half-life of 7Be. There is, however, insufficient research to 
support this assumption at the hill slope scale potentially leading to unreliable estimates of 
soil erosion (Taylor et al., 2013). 
 
Spatial variability in the 7Be depth distribution at the hill slope scale is likely to occur, mainly 
due to variability in soil hydrological properties and their influence on sorption time e.g. via 
bypass flow routes. Previous work has offered evidence to support the assumption of rapid 
binding through a) observed shallow depth profiles (i.e. maximum 20 mm deep) (e.g. 
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Wallbrink and Murray, 1996b; Blake et al., 1999, Schuller et al., 2006, Schuller et al., 2010, 
Porto and Walling, 2014), b) adsorption rate experiments (Taylor et al., 2012a) and c) the 
fact that Be most likely occurs in the highly reactive form of Be2+ or BeOH+ at pH 5-6 
(Takahashi et al., 1999). However, deeper penetration of 7Be has been observed in marsh 
soils, attributed to the presence of macropores resulting in a high infiltration rate relative to 
the slower rate of sorption (Olsen et al., 1985; Casey et al., 1986). Furthermore, Schimmack 
et al. (1994) and Bundt et al. (2000) showed the influence of preferential flow due to soil 
macropores on the depth distribution of other FRNs. 137Cs and 210Pb were enriched in the 
preferential flow paths by a factor of up to 3.5 (Bundt et al., 2000). Given that soil physical 
properties can vary strongly on field scale (Warrick and Nielsen, 1980; Tsegaye and Hill, 
1998; Cassel et al., 2000), variations in 7Be sorption rates, and hence the 7Be depth 
distribution, are likely to take place at this scale and may have significant impacts on the 
critical h0 parameter. 
 
The uncertainty associated with these assumptions implies the possibility of a large spatial 
variability of the depth distribution of 7Be in a reference site and across the study area, 
resulting in equivalent variation in h0. The model assumes that prior to erosion the depth 
distribution of 7Be is equal across the study area. Erosion rate estimations by the model are 
very sensitive to variations in h0 (Taylor et al., 2013; Mabit et al., 2014a), hence the spatial h0 
variation across and within sampling and reference sites should be addressed to validate the 
use of 7Be as a sediment tracer. Up to date this spatial variation in depth distribution of 7Be, 
and hence in h0, has not been studied. Determining representative values and quantifying 
uncertainty of h0 is challenging due to the need for high resolution sampling and consequent 
analytical demand (Taylor et al., 2013). Hence no research has been done to date to assess 
the spatial variability of h0 within one reference site, although temporal variability has been 
explored (Schuller et al., 2010). This study uses stable Beryllium (9Be) as an approach to 
tackle this issue as it allows a large number of samples to be analyzed in a short time (Taylor 
et al., 2012b). 
 
Furthermore the chosen sampling strategy could have a major influence on the obtained 
depth profile (Parsons and Foster, 2011). One of the main challenges to properly sample the 
7Be depth distribution is its shallow depth distribution, which is generally limited to the upper 
few millimetres of the soil with a general maximum of 20 mm (Zapata, 2002, Doering et al., 
2006, Mabit et al., 2014c). This results in the necessity to sample soil depth increments at 
the scale of 1-2 mm to better cover the distribution variation within the sample profile (Mabit 
et al., 2014c). 
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This study makes a first assessment of the spatial variation in h0 and the implication on the 
model results. Furthermore, the sampling methodology and the importance of reference site 
selection is evaluated in line with the critical evaluation by Parsons and Foster (2011) on the 
use of 137Cs as a sediment tracer. They emphasize the lack of studies discussing the benefits 
and pitfalls of different sampling methods and the likely impact of the sampling methods on 
the magnitude of inventory errors. Mabit et al. (2013) stated that several of these problems 
could be circumvented by an appropriate sampling design, but a profound knowledge on the 
impact of sampling technology and the spatial variability of the FRN is needed to design the 
sampling strategy. This research contributes to current international efforts to refine and 
standardize protocols for FRN tracing (Dercon et al. 2012, Dercon et al., 2014; IAEA, 2014). 
 
3.2 Materials and methods 
3.2.1 Model overview 
To give a clear overview of the influence of the 7Be depth profile on the profile distribution 
model estimations, the outline of the standard conversion model, referred to as the profile 
distribution model and described in detail by Blake et al. (1999) and Walling et al. (2009), is 
provided below. Readers should also be referred to studies that have developed this model 
further including soil particle size effects (e.g. Yang et al., 2013, Taylor et al., 2014). As the 
goal of this study is not to address actual soil erosion rates, but rather to point out the 
variation in erosion rate estimations due to variation in h0 estimates, particle size correction 
was not incorporated in his study. Future studies aiming to address soil erosion rates should 
incorporate a particle correction factor. 
 
The depth distribution of 7Be in the soil can be approximated by an exponential fitting curve 
of the form: 
 𝐶(𝑥) = 𝑐 ∗ 𝑒
(−𝑥 ℎ0⁄
)
                         Eq. 3.1 
 
where C(x) (Bq kg−1) is the 7Be activity concentration density at mass depth x (kg m−2), c a 
constant value and h0 (kg m
-2) the relaxation mass depth, representing the depth above 
which 63.2% of the total 7Be inventory can be found. By the exponential fitting of the 7Be 
activity concentration and the depth the constant c and h0 can be deduced. The shape of the 
7Be distribution function is described by the value of the relaxation mass depth h0. 
 
The profile distribution model is based on the comparison of the 7Be inventory at the 
sampling location, A (Bq m-2), with the inventory at an undisturbed, stable reference site 
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where no erosion or deposition has taken place, Aref (Bq m
-2). Taking into account the shape 
of the 7Be depth profile, the measured 7Be inventory at a specific site will reflect the depth of 
soil lost, h (kg m-2) as follows: 
 




                         Eq. 3.2 
 
The eroded mass depth, h (kg m-2) can therefore be calculated as: 
 
 ℎ = ℎ0 ln (
𝐴𝑟𝑒𝑓
𝐴
)                         Eq. 3.3 
 
As erosion is represented by a deficit of 7Be inventory at the sample location compared to the 
inventory at the reference site, deposition is reflected as an excess of 7Be inventory. The 





                         Eq. 3.4 
 
Where 𝐶𝑑 is the mean 
7Be activity concentration of the deposited sediment (Bq kg-1), which 
can be estimated based on the mean 7Be activity concentration of the upslope, eroded 





                          Eq. 3.5 
 
Where 𝐶𝑒 (Bq kg
-1) is the mean 7Be activity concentration in the eroded sediment at each 





= 𝐴𝑟𝑒𝑓 [1 − exp (−
𝑅
ℎ0
)] /𝑅                         Eq. 3.6 
 
For the conversion model it is thus of critical importance to accurately assess the exponential 
depth distribution of 7Be. As stated by Taylor et al. (2013), model estimates are heavily 
dependent on the 7Be depth distribution, where overestimation of h0 values leads to 
overestimations of soil erosion losses. To evaluate the variability of the relaxation mass 
depth two experiments were conducted, namely a field experiment and laboratory rainfall 
simulations. The dominant soil reference group found within the study site are Haplic 
Luvisols (WRB-FAO). 
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3.2.2 Study site 
An experimental plot was selected in the Flemish Hills, Belgium (N50°47.274 E3°32.793). 
The average annual precipitation in this area is 850 mm, based on the average annual 
precipitation of 1981-2010 (KMI, 2014). This plot had a surface area of 1000 m² (50m x 20m) 
and an average slope of 13% with the northwest aspect. The topsoil has a loam texture and 
was bare during the winter period of the study (November 2013 - March 2014). 
 
3.2.3 Infield variability of the 7Be depth profile 
3.2.3.1 Reference site selection and sampling strategy 
A first experiment was conducted under field conditions. Two sites nearby the experimental 
plot were selected as potential reference sites. These sites were spaced 200 m from each 
other. Both reference sites were devoid of vegetation five months prior to sampling and have 
a similar loamy topsoil texture as the study site. Reference site C was characterized by a 
more compacted topsoil indicated by tractor wheel traces and a platy structure. Evidence of 
topsoil compaction was not apparent at reference site NC. Some relevant topsoil 
characteristics (0-5 cm) of both reference sites are given in Table 3.1. The eroding plot and 
reference site NC had a similar topsoil structure. 
 
Table 3.1: Selected topsoil characteristics at both reference sites (C and NC): cation exchange 
















Ref C 12.0 47.5 34.8 17.7 3.88 1290 
Ref NC 12.7 45.2 29.3 25.5 3.72 1200 
 
Several methodologies are currently applied to meet the need for sampling soil depth 
increments at the scale of 1-2 mm. In general, depth increments are collected by scraping 
thin soil layers from a defined surface area (Campbell et al., 1988). Recently, however, 
several improvements in sampling methodology have been developed (Loughran et al. 2002; 
Schuller et al., 2010; Mabit et al., 2014a). The IAEA (International Atomic Energy Agency) 
Soil and Water Management & Crop Nutrition Laboratory has developed a prototype of a 
Fine Increment Soil Collector (FISC), for standardizing the onsite sampling methodology 
(Mabit et al., 2014a). In this study two sectioning approaches were evaluated, namely a) on-
site by scraping thin soil layers manually and b) laboratory sectioning of undisturbed soil 
cores by FISC. Both approaches were performed for both reference sites. For the first 
approach, a representative flat area of 25 cm by 35 cm was selected at both reference 
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locations and subsequently a spatula was used to manually scrape off consecutive thin soil 
layers (±2 mm) for 7Be analysis. For the second approach, 9 undisturbed soil cores with an 
inner diameter of 9.4 cm and a depth of 8 cm were collected at both reference sites, gently 
packed and carefully transported to the laboratory. A modified FISC developed at the 
Department of Soil Management at Ghent University was used for sample sectioning (Figure 
3.1). The resulting depth increments of each of the 9 soil cores were combined into 
composite depth increment samples. The piston in this modified FISC pushes the soil out of 
the cores in increments of 1 mm for high-resolution sampling of the 7Be depth profile. 
 
 
Figure 3.1: The modified Fine Increment Soil Collector (FISC) used in this study. A piston pushes the 
soil core upwards, where it can be sliced by the mounted knife (Photo by B. Al-Barri). 
 
On the experimental plot, 18 locations were selected on a grid base. At each of these 
locations soil cores (inner diameter 9.4 cm) were taken in triplicate within 1 m² to a depth of 3 
cm to ensure a total capture of all 7Be present in the soil. These three cores were combined 
in total into composite samples for 7Be analysis to assess erosion/deposition at each of these 
18 locations. Furthermore, 4 additional undisturbed samples were taken at each location for 
saturated hydraulic conductivity measurements in the laboratory by means of a constant 
head permeameter (Eijkelkamp Agrisearch Equipment). 
 
3.2.3.2 Sample processing 
All soil samples were air dried, gently disaggregated, sieved at 2 mm, homogenized and 
packed in Petri dishes with a diameter of 9 cm and a height of 1 cm. The samples were 
measured for 7Be activity (477.6 keV) by means of a Broad Energy Germanium (BEGe) 
detector with a relative efficiency of 43%. All samples where measured for at least 86,000s 
providing a precision of ca. 10% at the 95% level of confidence for the majority of the 
samples. The depth increments were measured till two consecutive depths showed a 7Be 
activity below detection limit. Sample counts were corrected for background emissions, 
geometry efficiency and decay. 
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3.2.3.3 Erosion budget estimation 
The h0 values, obtained through applying Eq. 3.1 for both reference sites and both sampling 
strategies were used as input parameters to calculate four corresponding scenarios of 
erosion/deposition taking place at the experimental plot. All other parameters in the model 
were kept constant to isolate the impact of h0 variability on the model output. The reference 
inventory used in Eq. 3.3 was calculated as the average reference inventory at the location of 
the 4 depth distribution measurements. Erosion/deposition rates at the 18 locations were 
interpolated in SURFER 10 software (Goldensoftware) by using Inverse Distance Weighting 
(power 2) to obtain the total average erosion budget. 
 
3.2.4 Spatial variability under simulated rainfall in the laboratory 
In a second experiment, eighteen undisturbed soil cores (9.4 cm inner diameter, 7 cm depth) 
were collected at the two reference locations and were transported to the lab. 9Be-enriched 
water was used to perform rainfall simulations in a controlled environment in the laboratory 
on 16 of the undisturbed soil cores, while the remaining two samples were used as controls. 
The background level of 9Be in these controls was on average 3.3 µg g-1. All measurements 
presented are corrected for this background. The enriched water was produced by dissolving 
BeCl2 (Sigma-Aldrich) in distilled water to obtain a 
9Be concentration of 0.5 mg l-1. This 
concentration enabled clear quantification above the natural background whilst not 
exceeding the CEC of the soils. Taylor et al. (2012) showed a rapid sorption of 9Be similar to 
7Be and a good recovery under aqua regia digestion. Therefore, 9Be can be used as a good 
proxy for 7Be. The pH was adjusted to pH=5.6, corresponding with natural rainwater, by 
using NaOH. Prior to the rainfall simulations, the outer 1.5 cm of the cores circumference 
was sealed off to eliminate possible edge effects and a rainfall simulation of 10 minutes with 
deionized water was performed to ensure similar moisture conditions in each soil core at the 
start of the experiment. The rainfall simulator comprised a rotating circular tank at a height of 
3.20 m, with 90 glass capillaries (inner diameter 0.45mm) serving as droplets formers, the 
mean droplet diameter is 4.93 ± 1.5 mm. The water height in the tank was controlled by an 
overflow system, resulting in a constant hydrostatic pressure and hence a constant rainfall 
intensity. Four fans were installed at 1.5 m above the soil cores in opposite directions to 
ensure a random rainfall distribution. Two rainfall simulations, each of 30 minutes, were 
performed with an average intensity of 43 mm h-1. This was done to simulate two consecutive 
intense rainfall events with a recurrence rate of 5 years (Willems, 2005). The spatial pattern 
of rainfall was measured and accounted for in the establishment of the 9Be depth 
distributions. After each of the two rainfall simulations the cores were left to drain for 24 
hours. Two runs were performed to ensure the establishment of a clearly measurable depth 
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profile, while limiting random variations in rainfall distributions. Finally, soil cores were sliced 
in depth increments of 1.5 mm by use of the modified FISC to assess the distribution of 9Be 
with depth. Again the erosion budget of the experimental plot was estimated using the 
obtained 9Be depth distributions of the soil cores after the rainfall simulations. Taylor et al. 
(2012) showed a rapid sorption of 9Be similar to 7Be and a good recovery with aqua regia 
digestion. 9Be analysis was performed with ICP-OES (Varian Vista-MPX) after aqua regia 
digestion of the soil samples. All measurements were corrected for natural background 9Be, 
based on the two control cores. 
 
3.2.5 Computed tomography scanning 
Computed tomography (CT) scans are a useful tool to map and quantify the 3D-network of 
soil macropores (Grevers et al., 1989; Perret et al., 1999; Gantzer and Anderson, 2002; 
Mooney, 2002; Taina et al., 2008). To assess the possible effect of the soil structure on the 
7Be depth distribution, X-ray computed tomography scans of undisturbed subsamples were 
taken from each soil core that had been subjected to the rainfall simulations. The 
subsamples were collected in PVC cylinders with a diameter of 4 cm and a height of 5 cm. 
The CT scans were performed at the "Centre for X-ray Tomography" of Ghent University 
(UGCT). The scanner operated at 200 kV and 50 µA. For each scan 2400 projections were 
made with an exposure time of 2000 ms per projection. More information related to the used 
scanner can be found in Masschaele et al. (2013). Reconstruction of the raw data resulted in 
a dataset characterized by a voxel pitch of 10 µm, accurate enough to identify mesopores 
and macropores (20-100 µm and >100 µm respectively, Jassogne et al., 2007). The data 
were reconstructed and analyzed with the Octopus imaging software 
(https://octopusimaging.eu/, Vlassenbroeck et al., 2007). To avoid edge effects from 
subsampling, the outer 1 cm of each core was discarded from the region of interest. The CT 
scans were filtered with a bilateral and a median filter to eliminate noise. Afterwards a single 
grey value threshold was selected, segmenting the image into pores and solids. Distance 
map calculation and watershed-based separation of the pore space based on the distance 
maps allowed determination of the pore size distribution and the total porosity for each core. 
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3.3.1 Sampling location and technique controls on h0 variability 
The reference inventory at each reference site is given in Table 3.2. The application of the 
scraping technique yielded a higher reference inventory for both reference sites, probably 
due to incorporation of adjacent surface soil particles in lower layers during sampling. A 
difference could be observed between reference sites, where the compacted reference site 
showed a higher reference inventory independent of sampling strategy. The number of 
samples provided here is not sufficient to accurately assess spatial variations of the total 7Be 
reference inventory and more research is needed to fully assess this source of uncertainty on 
estimated soil erosion rates. 
 
Table 3.2: The reference inventory at both reference sites obtained by the two selected sampling 














(Bq m-2)  
129.61 ± 25.42 93.29 ± 16.25 186.08 ± 9.62 159.21 ± 25.06 
Ref C: Compacted reference site, Ref NC: Not-compacted reference site 
 
The 7Be depth distribution did not differ significantly between the two selected reference 
sites, as indicated by the h0 (Figure 3.2). The variation in h0 values between the different 
reference sites, obtained with the same sampling techniques was 13% and 16%. The 
obtained 7Be depth profiles from both sectioning techniques (Figure 3.2), however, showed 
that the application of the scraping technique resulted in higher values of h0 in both cases 
and thus in a deeper apparent penetration of 7Be in the soil profile. The use of the scraping 
methodology resulted in an increase of h0 by 20% and 63% for the sites Ref NC and Ref C 
respectively, compared to the use of the modified FISC (Figure 3.2). 
 
The obtained h0 values were used as input for erosion budget estimation at each of the 18 
individual sampling points in the experimental plot. Figure 3.3 shows the spatial variation in 
erosion budget based on in-between sampling points interpolation at the experimental field. 
Sample processing parameters were identical for all model runs, as h0 was the only variable 
under study. The variability in h0 was proportionally propagated in the obtained average 
erosion budgets, which are shown in Table 3.3. 
 
 






Be depth profiles at both reference sites obtained by two different sampling strategies 
(Scraping versus slicing with FISC), with indication of h0 (kg m
-2
) and the constant c. 
 
 
Figure 3.3: Erosion budget (kg m
-2
) at the experimental field using the different measured values of h0 
with indication of the sampling location and sectioning technology. Interpolation was performed by 
IDW with a power of 2. The origin of the y-axis corresponds to the downslope position. 
C= 58.7 
C= 31.7 
C= 52.4 C= 50.5 
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Table 3.3: Erosion budget of the experimental plot, based on the h0 values obtained at the two 
reference sites and the two soil profile section technologies. Calculated errors are solely based on the 
uncertainties related to the 
7
Be radioactivity measurement. 









budget (t ha-1)  
38 ± 14 62 ± 21 45 ± 17 54 ± 17 
 
3.3.2 Spatial variability of h0 under simulated rainfall 
The two reference sites showed a distinctively different depth distribution response to the 
simulated rainfall. While the 9Be depth distribution was limited to the upper few mm in the 
samples of the more compacted reference site C, the 9Be penetration in the samples of the 
loose NC reference site was significantly deeper (Figure 3.4). The average 9Be concentration 
in the compacted reference C soil cores had a high concentration peak of 9 mg kg-1 in the 
upper soil layers, while it dropped rapidly towards zero at a mass depth around 7 kg m-2. 
Meanwhile, reference NC cores showed a lower peak of 4 mg kg-1 near the surface, with 
average 9Be concentrations gently converging towards zero at a mass depth of 20 kg m-2. 
This resulted in average h0 values of 2.42 ± 0.26 kg m
-2 and 4.66 ± 1.1 kg m-2 for reference C 
and reference NC respectively. The 9Be depth distribution in the more compacted soil cores 
was characterized by a small variation, with a coefficient of variance (CV) of 11%. In 





Be concentration depth distribution averaged over the 8 samples per reference site, with 
indication of the ± 1 standard deviation interval. Control samples were taken into account for each of 
the sampling locations to adjust for the natural occurring 
9
Be levels in the soil. 
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The erosion budgets for the experimental plot were estimated again, using these laboratory 
defined h0 values. Again, the h0 variability was proportionally propagated in the obtained 
average erosion budget. The model estimates resulted in erosion budget estimations of 25 ± 
8 t ha-1 and 52 ± 20 t ha-1 for reference C and reference NC respectively, where uncertainty is 
calculated based on variability in h0. 
 
The CT-scans clearly show a large contrast in pore size distribution and soil structure at the 
two reference sites (Figure 3.5). The more compacted soil cores are characterized by a 
horizontally oriented pore network and a large number of small pores. The pore networks of 
the soil cores collected at the NC reference site are more heterogeneous, with large, highly 
connective macropores vertically oriented through the soil cores. The total pore volume is on 
average 4% larger compared to the more compacted soil cores, with the pore size 
distribution showing a limited number of small pores and several very large interconnected 
macropores. The difference in the structure of the pore network resulted in an average Ksat 
value of 3.74 cm h-1 for the more compacted samples, while the average Ksat value for the 
loose samples was over one order of magnitude larger (70.84 cm h-1). Saturated hydraulic 
conductivity is significantly larger for the loose soil samples (p<0.001), resulting in the deeper 
penetration of 9Be in the soil and the higher h0 values. 
 
 
Figure 3.5: Binary image of the vertical pore distribution in two cores collected at the more compacted 
C reference site (left) and at the loose NC reference site (right) based on the CT-scans. White 
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3.4.1 Importance of reference site selection and profile sampling technology 
Under natural conditions, observed differences in the 7Be depth profile between the two 
reference sites are limited. Although 7Be input can spatially vary on a small scale (Pinto et 
al., 2013), consecutive rainfall events seem to cancel out this spatial variability. However, 
differences due to the sampling approach are notable. The depth distributions collected by 
the scraping technique showed a smooth exponential decrease with increasing mass depth, 
similar to 7Be profiles observed in literature (e.g. Blake et al, 1999; Schuller et al., 2006; 
Sepulveda et al., 2008). The observed depth distribution shape obtained by the modified 
FISC deviates strongly from this clear exponential decrease, having a step shape, which was 
also observed by Mabit et al. (2014a) when using their FISC. This can be attributed to the 
capacity of the FISC technique to accurately sample fine depth increments with a clean cut 
(i.e. no mixing with following layers). Observed steps might be influenced by soil properties 
variations at various soil depths. The scraping technique fails to meet such slicing standards 
on a fine scale resulting in a mixed composited sample of multiple depth increments and 
consequent impact on estimate of h0. 
 
As stated by several authors there is an increased need for a standardized sampling strategy 
for the 7Be method (e.g. Dercon et al., 2012; Taylor et al., 2013; Dercon et al., 2014; Mabit et 
al., 2013; Mabit et al., 2014a), which is clearly confirmed by the large differences due to the 
different selected sampling technologies shown in this work. The development of the FISC, 
as described in Mabit et al. (2014a), is a good first step towards a standard sampling protocol 
as traditional scraping techniques could result in a large operator error. Results would be 
strongly dependent on the expertise of the user. Furthermore, scraping is subjected to a 
higher risk of contaminating the deeper soil layers with soil aggregates enriched in 7Be from 
the upper soil layers. This would lead to an overestimation of h0. The use of the FISC 
circumvents these problems and is therefore recommended for future 7Be studies as a 
standard protocol to reduce the high variation based on the choice of sampling strategy. 
Possible disadvantages of the FISC, e.g. edge effects, are believed to be minimal compared 
to the potential errors involved with using the scraping methodology. 
 
3.4.2 Soil structure as controlling factor in Be depth distribution 
After the rainfall simulations, a clear distinction in 9Be depth distributions between the two 
reference sites was observed. This contrasted with the observations in the field samples and 
is attributed to the larger number of events and the long exposure time (i.e. more consecutive 
rainfall events) of the soil under natural conditions. Walling et al. (2009) discussed the 
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possibility of downward transport of 7Be in the soil profile over a longer duration (couple of 
months) with a limitation due to the short half-life of 7Be. Also, the higher concentration of 9Be 
used in the simulated rainwater could emphasize the differences in adsorption/leaching at 
the two locations. Furthermore, saturated conditions were reached during the rainfall 
simulations and could possibly have influenced the 9Be depth distribution as well. 
 
The shallow depth distribution of 9Be in the soil cores from the compacted reference site and 
the larger variation of the depth distribution within the loose reference site could possibly be 
linked to the physical soil structure (Olsen et al., 1985; Casey et al., 1986; Schimmack et al., 
1996; Bundt et al. 2000). The absence of large macropores and the presence of a horizontal 
oriented pore structure resulted in lower ksat values and consequently in the shallow depth 
distribution in the compacted reference site samples. The observed depth distributions after 
the rainfall simulations in combination with the CT-scans show that variations in soil structure 
can result in the distinguished variations in h0. This will result in variations in 
7Be model 
outputs, since soil structure can exhibit significant variation on a hill slope scale (Mulla and 
McBratney, 2002; Iqbal et al., 2005; Strudley et al., 2008; Mubarak et al., 2010). This clearly 
indicates that one depth profile is not sufficient to properly represent the variability of the 
entire study area and that spatial variation in depth profile along a hill slope should be taken 
into account in erosion estimates. The order of magnitude difference in the hydraulic 
conductivity at the two reference sites underpins the importance of considering soil structure 
influence on 7Be depth distribution. As soil cores were only 7 cm deep, the obtained results 
cannot be translated directly to real field conditions. Nevertheless, these results indicate a 
clear relation between the physical soil structure and the depth distribution of 7Be, which will 
also apply in a real field situation. Soil structure might also affect the depth distribution of 
other FRNs (e.g. 137Cs and 210Pb), which have a longer half-life, leading to the possibility of a 
larger variation in depth distributions across hill slopes, yet more research is needed to 
confirm this. 
 
3.4.3 Recommendations to improve the reliability of soil erosion estimates using 7Be 
The need for a standardized soil profile sampling strategy has been highlighted by Mabit et 
al. (2014a) and Dercon et al. (2012, 2014). This study assessed two soil sampling strategies 
and confirms the need for standardization. The use of the FISC is favoured by the authors, 
although some remarks should be made with the use of a FISC. A trial was made with a 
sampling core with a diameter of 27 cm. This diameter was selected to collect sufficient soil 
per depth increment for 7Be analysis from 1 sample core. Typically, minimally 50-100 g is 
needed for 7Be analysis. Unfortunately, the soil could not be removed from the cores without 
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tilting the soil, making accurate sampling at mm scale impossible. Furthermore, the selection 
of a proper flat reference site becomes more difficult when core diameter increases due to 
micro topographic features. Hence, it is advised to use a maximal core diameter of around 
10 cm. This implies that several cores should be collected and merged into composite 
samples to reach the required 50-100 g soil needed for 7Be analysis. This approach has 
been used in literature (e.g. Schuller et al., 2006; Sepulveda et al., 2008), to deliver an 
average h0 value as a model input parameter but without quantification of spatial variability. 
 
Based on the results of the rainfall simulations, an estimation of the number of samples 
needed to correctly assess a mean h0 can be made. Equation 7 (Sutherland, 1996) is used to 
assess the number of samples (n) needed to estimate the mean h0 with an allowable error of 







                        Eq. 3.7 
 
Where t is the Student’s t-value for 𝛼=0.05 (95% confidence), with n-1 degrees of freedom, 
CV the coefficient of variance, defined as the standard deviation divided by the mean of the 
measured h0 values and AE the allowable error (0.10). 
 
The application of Eq. 3.7 results in the need to collect 4 samples at the compacted 
reference site while this increases to 20 at the NC reference site at 95% confidence. If the 
confidence is set at 90% the number of samples decreases to 2 and 11, respectively. Thus a 
large number of samples would need to be analyzed in a limited time frame for the 
assessment of the spatial variability in h0 in the field. Therefore, we propose to assess the 
spatial variability of the infiltration rate or hydraulic conductivity of the reference site as a 
proxy for the variability in h0. The link between these two factors can be assessed using 
stable 9Be in rainfall simulation experiments. Under such a system, spatial variability in 
infiltration rate could be used to define the number of samples required to establish a 
composite depth profile. Furthermore, this variability can subsequently be incorporated into 
the model estimates to provide realistic uncertainties due to spatial variations in h0. Therefore 
there is an urgent need for specific research to establish the correlation between soil 
infiltration rate and the 7Be depth distribution. An adapted version of the experimental 
methodology used here, in terms of rainfall event frequency and magnitude, is recommended 
to achieve this. It is clear from this work that the physical soil parameters of the reference site 
should be similar to the conditions on the hill slope under investigation. Soil infiltration 
measurements and bulk density samples should be taken to confirm this.  
 




The use of 7Be offers excellent potential to quantify effectively spatial variations in soil 
redistribution rates over the short-term. Its continuous delivery and short half-life offer 
methodological advantages compared to 137Cs, in terms of being able to effectively test 
methodological assumptions and underpin quantitative assessment of uncertainty on derived 
amounts. In this context, the standardization of reference site selection protocols and 
sampling strategies are a high priority. This study contributes to a better understanding of the 
uncertainties related to the sampling methodology and the spatial variability of the relaxation 
mass depth. The choice of sampling technology influenced total erosion rate estimation by 
up to 60%. The development of a FISC could significantly improve subsampling, although 
composite samples are needed to bypass some practical issues. The use of composite 
samples could also reduce errors made due to the spatial variability in h0, which can be 
significant within and in-between reference sites. Multiple samples or experimentation with 
rainfall simulation and artificial tracers (e.g. 9Be) is required to quantify actual variability 
across a site. This research confirms the impact of soil structure and the presence of 
preferential flow paths on the vertical distribution of 7Be in the soil. Soil type, vegetation and 
land management at the reference site should therefore be similar to the rest of the study 
area to eliminate their impact on soil redistribution rates estimates. Furthermore, where 
possible, reference sites should receive the same treatment as the study site during the 
study period. To incorporate this uncertainty we propose the use of high-resolution infiltration 
measurements as a proxy for spatial variability in the 7Be depth profile along a hill slope. 
Once the link between this and h0 is established, these variations can be incorporated into 
the model to provide realistic quantified uncertainties on the erosion rate estimates. 
 
Acknowledgements 
We would like to thank the Special Research Fund (BOF) of Ghent University for the 
received project grant 01N03113, which made this research possible. We also thank Peter 




















Impact of soil hydrological properties on the 
7
Be depth distribution and the spatial variation 
of 
7
Be inventories across a small catchment 
 
4 Impact of soil hydrological properties on the 7Be depth distribution and the 











Based on: Ryken, N., Al-Barri, B., Blake, W., Taylor, A., Tack, F., Bodé, S., Boeckx, P., 
Verdoodt, A. (2018). Impact of soil hydrological properties on the 7Be depth distribution and 









 Impact of soil hydrological properties on the 
7




The natural fallout radionuclide 7Be is used as a tracer allowing estimates of soil 
redistribution on an event-based time scale. The observed 7Be inventory in the soil is 
converted to soil redistribution by comparing the 7Be inventory at a stable reference site to 
the location of interest and taking the 7Be depth distribution in the surface soil into account. 
The relaxation mass depth (h0), describing this depth distribution, is assumed to be uniform 
across the study area, whereas the 7Be inventory at the reference site represents the 
balance of atmospheric 7Be input and radioactive decay. The 7Be reference inventory should 
therefore not be influenced by soil redistribution or by any variation in physico-chemical 
characteristics of the soil within the entire study area. Most studies to date use 7Be to monitor 
soil redistribution on the spatial scale of a hill slope. However, if the assumptions of spatial 
uniform fallout and rapid and irreversible sorption of 7Be to the soil particles can be extended 
over a larger area, 7Be could be used to monitor soil redistribution at the catchment scale. In 
this paper, the variability in 7Be distribution in the soil at hill slope and catchment scale is 
explored and possible sources of this variability are identified. To assess the impact of 
variability in soil hydraulic conductivity on the depth penetration of 7Be in surface soil, a 
rainfall simulation experiment with 9Be spiked rainfall was performed on artificially compacted 
soil cores. These rainfall simulation experiments indicated a significant positive correlation 
between the saturated hydraulic conductivity (Ksat) and the relaxation mass depth and thus 
demonstrated that the assumption of a spatial constant relaxation mass depth is likely to be 
invalid. An empirical correction factor is proposed to circumvent this problem. This work 
demonstrates the importance of assessing variability in soil hydrological properties across a 
study area and is also relevant to studies concerning the vertical transport of fallout 
contaminants in surface soil. To assess spatial variability in fallout across a catchment and 
across soil types, nine soil trays were placed during 9 months at three reference locations 
with three different soil types in a small catchment of 8 km². The spatial variation in 7Be 
reference inventory between the sites in the catchment was not larger than the variation 
within one reference site (37 % and 36 % respectively), indicating that the uncertainty on the 
reference inventory will be similar over the small catchment. However, the different soil types 
displayed diverse 7Be depth profiles and total 7Be inventories, suggesting that a clear 
understanding in sorption behavior over the soil types present in a catchment is needed prior 








Fallout radionuclides (FRNs) can provide high resolution data to assess spatial patterns and 
rates of soil redistribution in a retrospective manner, which is still one of the main challenges 
in soil erosion modeling (Walling, 2006). The most commonly used FRNs, cesium-137 (137Cs, 
t1/2 = 30.2 years) and to a lesser extent excess lead-210 (
210Pbex, t1/2 = 22.1 years), are 
applied to assess soil redistribution on a medium-term time scale (up to 50 years) (Dercon et 
al., 2012; Gaspar et al., 2013; Mabit et al., 2008a; Porto et al., 2012; Zapata, 2002). 
However, scale enlargement and the mechanization of agriculture, increased the sensitivity 
of soils towards large erosion events (Morgan, 2009). These erosion events occur primarily 
during highly intense, short duration rainfall events which can lead to undesirable off-site 
effects including mudflows, siltation of downstream ecosystems, flooding, and transport of 
sediment-fixed pollutants (García-Ruiz, 2010; Nagasaka et al., 2005; Wei et al., 2007; Xiao 
et al., 2013). 137Cs and 210Pbex are not suited to accurately estimate the erosion rates during 
these short, intense rainfall events. Yet, with growing pressure on landscapes through 
population expansion and climate change, the short-term perspective is becoming 
increasingly relevant to policy makers. Beryllium-7 (7Be, t1/2 = 53.3 days) can be used to 
estimate erosion rates on a short-term time scale (event-based up to a few months) and can 
therefore complement the other FRNs as a tool to monitor soil erosion of individual rainfall 
events (Benmansour et al., 2013; Blake et al., 1999, 2002; Dercon et al., 2012; Schuller et 
al., 2006; Walling, 2012; Wilson et al., 2003). In addition, the ratio of 7Be to 210Pbex can be 
used to evaluate the residence time of sediments, to track the fate of contaminants, or to 
distinguish surface versus sub-surface origin of suspended sediment in rivers (Evrard et al., 
2016; Landis et al., 2016, Le Cloarec et al., 2007; Matisoff et al., 2005; Wilson et al., 2007). 
 
Still, the use of 7Be as a sediment tracer has not become common practice (Walling, 2012). 
Practical issues relating to sampling and 7Be analysis, and knowledge gaps relating to the 
uncertainty of the method account for this. First, the half-life of 53.3 days in combination with 
the long measurement time per sample (depending on the activity in the sample, typically 
± 86.000 seconds) limits the total number of samples that can be analyzed before the 7Be 
has decayed (Taylor et al., 2012b, 2013; Walling, 2012). Several authors try to circumvent 
this issue by taking composite samples (Schuller et al., 2006; 2010; Sepulveda et al., 2008), 
wherein the trade-off is reduced quantification of spatial variability. Moreover, the presence of 
7Be is generally restricted to the upper two centimeters of the soil. This implies the need for 
specific sampling equipment operated by an experienced sampler (Baumgart et al., 2016; 
Mabit et al., 2014a; Chapter 3). Secondly, knowledge gaps pertain to uncertainty about the 
validity of the key assumptions underpinning the approach: i) 7Be fallout is spatially uniform 
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across the study area, ii) upon fallout there is rapid sorption to soil particles and iii) sorption 
to particles is irreversible (Taylor et al., 2013). Finally, analytical problems arise during the 
measurement of 7Be. A low signal-to-noise ratio in the gamma spectrum due to the low 
natural abundance of 7Be results in uncertainties during the measurement (Landis et al., 
2012). Furthermore, interferences from 238U- and 232Th-series radionuclides complicate an 
accurate 7Be quantification (Landis et al., 2012). 
 
Most current soil redistribution estimations are based on the comparison of the 7Be inventory 
at the sampling points to the 7Be inventory at a reference site, where no erosion or deposition 
has occurred during the study period. The observed differences are converted into soil 
redistribution rates based on the 7Be depth distribution at that reference site and on the 
activity of the transported sediments, described in detail by Blake et al. (1999) and Walling et 
al. (2009). The 7Be depth distribution is represented by the relaxation mass depth (h0), which 
is defined as the depth above which 63.2% of the total 7Be inventory can be found, directly 
reflecting 7Be penetration depth. The eroded mass depth, h (kg m-2) can be calculated as: 
 
 h = h0 ln (
Aref
A
)   Eq. 4.1 
 
where h0 is the relaxation mass depth, A (Bq m
-2) is the total 7Be inventory at the sampling 
location and Aref (Bq m
-2) the total 7Be inventory at a stable reference site. 
 
With this approach the assumption is made that the 7Be inventory across the study site was 
spatially uniform prior to the erosion event and equal to that at the reference site. This is a 
major limitation on the use of 7Be as a sediment tracer as these conditions are only rarely 
met. Only non-erosive rainfall can occur in the preceding few months of the study event or 
the inventory has to be set at zero due to dilution below the detection limit by tillage. It is 
crucial that this assumption is met prior to using 7Be as a soil erosion tracer. However 
several authors have tried to circumvent this problem, e.g. Wilson et al. (2003) calculated 
erosion rates based on an 7Be inventory balance by measuring the 7Be profile prior and post 
the event. Walling et al. (2009) used a mass balance model to extend the time scale on 
which 7Be can be used to monitor erosion rates. This model takes the temporal distribution of 
the 7Be fallout and erosion into account during the study period and makes use of the 
evolution of the 7Be depth distribution during the study period. Porto et al. (2014) also 
extended the time scale by using a mass balance model to assess the soil loss by 
resampling the inventories at the sampling points after each rainfall event. All these 
approaches use the 7Be depth distribution to convert 7Be inventories in soil losses. It is 
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therefore of crucial importance to accurately measure the 7Be depth distribution and to gain a 
better understanding in the possible spatial variability in the 7Be depth distribution across a 
study area. 
 
Commonly, the 7Be distribution is observed to decrease exponentially with depth and, with 
logistical restrictions on the amount of depth profiles that can sampled and analyzed, the 
measured value of h0 is assumed to be representative for the depth distribution of 
7Be across 
the study area before erosion occurs (Blake et al., 1999; Schuller et al., 2010). Estimating h0 
by an exponential fit on the 7Be depth distribution can introduce a large uncertainty when the 
depth distribution deviates from the exponential decrease with depth. Recent research, 
however, has indicated that the 7Be depth penetration and depth profile are influenced by soil 
infiltration capacity, which is closely correlated with the saturated hydraulic conductivity (Ksat) 
of the soil (Chapter 3). In addition, older studies also indicated variation in 7Be depth 
distribution in relation to textural characteristics of the soil (Wallbrink and Murray, 1996b). 
The physical characteristics of the soil can vary significantly across a hill slope, resulting in a 
large variability in hydraulic conductivity across that hill slope (Strudley et al., 2008). This 
could have a major implication on the modeled erosion rates since variability in h0 is 
propagated linearly in the erosion rate estimations. A better understanding in the depth 
distribution behavior will not only improve erosion rate estimations, but will also lead to a 
better understanding in tracer behavior of other fallout radionuclides and other atmospheric 
metals (Landis et al., 2016). 
 
In the first part of this paper the correlation between the hydraulic conductivity and the 7Be 
depth distribution is investigated. If these are well correlated, the hydraulic conductivity can 
be used as a proxy for the variability in h0 permitting this uncertainty to be accounted for in 
the conversion model. 
 
In the second part of this paper an exploratory study was performed to assess the variability 
in 7Be reference inventory and depth distribution across a small catchment. Rainfall patterns 
are known to vary across catchments leading to a high variation in 7Be input (Pinto et al., 
2013). Several factors such as pH, complexation with dissolved organic compounds, 
presence of hydrous oxides, mineralogy, presence of competing cations and humic acid 
have been shown to influence sorption behavior of 7Be in the soil (Armiento et al., 2013; Gil-
Garcia et al., 2008; Baskaran et al., 1997; Aldahan et al., 1999; Takahashi et al., 1999), 
making incomplete 7Be sorption possible and variations in the 7Be depth distribution likely. To 
date, the use of 7Be to estimate erosion rates is mostly limited to the scale of a hill slope. It 
might be interesting to explore the possibility to use 7Be as an erosion indicator at a small 
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catchment scale. Recent research by Porto et al. (2016) evaluated erosion rates in a small 
catchment of 1.38 ha by applying a mass balance approach. This approaches refutes the 
need to assess the 7Be reference inventory, but still makes use of the 7Be depth profile to 
convert the measured 7Be inventories to soil losses. However, physico-chemical 
characteristics of the soil can influence this depth distribution and significant variations in 
depth distribution can occur at a catchment scale (Chapter 3). The variation in 7Be inventory 
and 7Be depth distribution was evaluated by installing nine small trays at three locations in a 
8 km² catchment filled with three representative soil types and measuring their 7Be inventory 
and 7Be depth distribution after 8 months in the catchment. 
 
The aim of is this paper is, therefore, to explore the variability in 7Be distribution in the soil at 
hill slope and catchment scale, and to identify the sources of this variability. An in-depth 
appraisal of the relationship between h0 and the Ksat is provided, with an assessment of the 
possibility to incorporate the variation in Ksat as a proxy for variability in h0 in the conversion 
model. Finally, to the best of the authors’ knowledge, this paper is the first one to address the 
spatial variability of h0 at a catchment scale by the use of soil trays that are strategically 
placed across a small catchment. 
 
4.2 Materials and methods 
4.2.1 The 9Be depth distribution in a broad range of compacted soils after laboratory 
rainfall simulations with 9Be spiked water 
Laboratory rainfall simulations were conducted to evaluate the potential impact of Ksat on the 
Be depth distribution as indicated in Chapter 3. 9Be enriched water was used to perform the 
rainfall simulations in a controlled environment on 21 soil cores, while three control cores 
were used to measure the background level of 9Be present in the soil. 9Be was used as a 
proxy for 7Be during the rainfall experiments c.f. Taylor et al. (2012). 
 
The twenty-four undisturbed soil cores (Ø=9 cm, h=7 cm in PVC cores) were collected from a 
sandy loam topsoil (USDA texture triangle) at an experimental field in Nukerke, East 
Flanders, Belgium (50°46’27”N 3°35’18”E). To ensure a broad range of Ksat values, the soil 
cores were variably compacted by dropping a weight of 100, 200, 500, or 750 g from a height 
of 30 cm three times in accordance to the procedure described by Hummel (1993). 
Meanwhile four soil cores were prepared per compaction level, five cores were left 
undisturbed and three cores served as control samples. The cores were collected as close to 
each other as possible to ensure only limited variations in physical and chemical properties 
of the soil. This was done to single out the effect of Ksat on the 
7Be depth distribution. Cores 
 
Chapter 4   
70 
 
were filled up to 0.3 cm from the rim of the cores to avoid runoff and a loss of Be during the 
rainfall simulations. Ksat was measured with a constant head as described by Klute and 
Dirksen (1986). 
 
4.2.1.1 Rainfall simulations 
The background level of 9Be in the control was on average 4.7 μg g−1 of air dried soil and 
was used to correct the obtained 9Be depth profiles. The enriched water was produced by 
dissolving BeCl2 (Sigma-Aldrich) in distilled water to obtain a 
9Be concentration of 0.5 mg l-1. 
This concentration enabled clear quantification of 9Be above the natural background whilst 
not exceeding the cation exchange capacity (CEC) of the soils. The pH was adjusted to 
pH=5.6, corresponding with natural rainwater, by using NaOH. 
 
Prior to the 9Be enriched rainfall simulations, the outer 1.5 cm of the cores’ circumference 
was sealed off by a custom made cap to eliminate possible edge effects and a rainfall 
simulation of 10 minutes with distilled water (electrical conductivity < 5 mS m-1) was 
performed to ensure similar moisture conditions in each soil core at the start of the 
experiment. A detailed description of the rotating capillary rainfall simulator can be found in 
Chapter 3. The rainfall simulator comprised a rotating circular tank at a height of 3.20 m, with 
90 glass capillaries (inner diameter 0.45 mm) serving as droplets formers, the mean droplet 
diameter is 4.93 ± 1.5 mm. Two rainfall simulations, each of 30 minutes, were performed with 
an average intensity of 49 mm h-1, which on average results in a total deposition of 128 ± 18 
µg 9Be on each of the soil cores. The spatial rainfall distribution pattern was measured and 
accounted for in the establishment of the total 9Be inventory. This was done by performing a 
rainfall simulation of the same duration with rainfall collectors at the exact locations of the 
cores. The total volume measured at each of these was used to estimate the total Be input at 
each of the cores and for comparison reasons the total inventories were recalculated as if 
they received the same amount of Be. After each of the two rainfall simulations the cores 
were left to drain for 24 hours. Two runs were performed to ensure the establishment of a 
clearly measurable depth profile, while limiting random variations in rainfall distributions. 
 
After the rainfall simulations, soil cores were sliced in depth increments of 1.5 mm by use of 
a fine increment soil collector (Baumgart et al., 2016, Mabit et al., 2014a) to assess the 
distribution of 9Be with depth. On these depth increments, 9Be was measured using ICP-OES 
(Varian Vista-MPX) after aqua regia digestion. All samples were corrected for natural 
background 9Be based on the two control cores. 
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4.2.2 Field experiment to asses 7Be variation across a small catchment 
To evaluate the spatial variability of the 7Be reference inventory and the 7Be depth 
distribution across a small catchment, wooden soil trays (45 cm x 20 cm x 15 cm) were 
placed at about 1 m above the surrounding soil surface at a low, medium and high altitude 
location in the Mariaborrebeek catchment (8 km², altitude ranges from 10m to 100m above 
sea level, 50°48’N 3°36’E) in the Flemish Hills, Belgium (Figure 4.1). 
 
 
Figure 4.1: The Mariaborrebeek catchment with indication and pictures of the location of the soil trays: 
location H (high), M (medium) and L (low) altitude.  
 
4.2.2.1 Sample preparation and experimental set-up 
The soil trays were filled with three soil types representative of this small catchment, a loamy 
sand soil, a loam and a silt soil (USDA texture triangle). The loam soil was collected under 
forest after removal of the O-horizon while the other soils were collected in a cultivated field. 
Soil was collected at each of the sites up to a depth of 15 cm at three randomly chosen 
locations to account for the spatial variability. Characteristics of the soils are provided in 
Table 4.1. Soil pH was measured with a glass electrode (Thermo Orion, 420A plus) in a 
soil:ultra-pure water ratio of 1:5 after 24 hours. Organic carbon was analyzed using the 
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method of Walkley and Black (1934). Cation exchange capacity (CEC) was determined by 
percolating 10 g of soil with 250 ml 1 N NH4Ac pH = 7 (Cottenie et al., 1982). 
 
Table 4.1: Selected physico-chemical characteristics of the three soil types used in the soil trays: 
particle size distribution, organic carbon (OC) content, pH in water and cation exchange capacity 
(CEC). 
Soil Type Sand  Silt  Clay  OC pH CEC  





1: Loamy sand 73 23 4 0.86 7.0 9.3 
2: Loam 33 50 17 2.45 4.2 12.5 
3: Silt 9 80 10 1.48 7.2 11.8 
 
Prior to deployment in the field, the soils were kept indoor for 9 months to ensure 7Be present 
in the soil had decayed below detection limit. Then, three soil trays were installed at each of 
the three locations in open fields with no surrounding vegetation and kept bare for nine 
months between May 2015 and February 2016. Holes in the bottom of the soil strays 
ensured free movement of water and reduced the chance of reducing conditions in the trays 
since these could influence 7Be mobility (Taylor et al., 2012a). Rainfall at each of the 
locations was monitored weekly and the 7Be activity of the rainfall was measured monthly 
using the protocol described by Short et al. (2007). The weekly rainfall quantities were used 
to decay-correct the monthly measured 7Be activity in the rainfall. This was done by 
calculating the total inventory (Bq) for each weekly proportion of the total rainfall and decay-
correcting this fraction towards that week, after which the weekly inventories were summed 
and converted back to the monthly 7Be activity (Bq L-1). This results in a maximum 
overestimation of 13% (the amount of 7Be decay in one week) of the modeled 7Be inventories 
compared to daily corrected 7Be activities. 
 
4.2.2.2 Ksat, 
7Be depth distribution and total inventory 
After this nine-month period, Kopecky ring (Ø=5 cm) samples were taken in triplicate to 
measure the Ksat with a constant head laboratory permeameter (Eijkelkamp Agrisearch 
Equipment) at each of the soil trays. Six core (Ø=9 cm, h=7 cm) samples were taken to 
analyze the depth distribution and the total inventory of 7Be in each of the soil trays. For five 
of these samples the depth increments of 1.5 mm were combined to ensure enough mass 
was available for 7Be measurements (typically 90 grams) and one core sample was used to 
validate the total 7Be inventory. After two consecutive depth increments with a 7Be activity 
below the detection limit it was assumed that no 7Be was present at greater depths (Jha et 
al., 2015). The total inventory was calculated based on the depth inventory samples and a 
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separate core sample was taken of the upper 2 cm to validate the total 7Be inventory 
estimated based on the depth distribution, showing a good match with 90% of the samples 
showing a discrepancy of less than 10 % between the total inventory based on the core 
samples and the depth distribution. No 7Be was observed deeper than 12 mm in the soil 
profile and therefore a depth of 2 cm ensured sampling the complete 7Be inventory without 
diluting the sample. 
 
To compare the spatial variability in total 7Be inventory within the catchment with the 
variability observed at a typical reference site, one extra reference site of 400 m² in the 
Mariaborrebeek catchment (location M in Figure 4.1) was selected. The reference site was 
ploughed, resetting the 7Be inventory to zero and left bare for 2.5 months prior to sampling. 
At 19 locations in a nested, regular grid soil undisturbed samples were collected with a depth 
of 2 cm for total 7Be analysis. 
 
7Be activity was measured with a Broad Energy Germanium (BEGe) detector, with a relative 
efficiency of 47%. The detector is housed in a 20 cm thick lead shield, with a lining of tin and 
copper (2 mm each). The typical detection limit ranged between 0.9 and 1.2 Bq kg-1, 
depending on sample size and measuring time. All samples were processed according to the 
procedures described in Zapata (2002). Samples were air dried, ground by hand and sieved 
to retain the fraction <2 mm. A standard radionuclide solution (QCYA17840, Eckert & Ziegler 
nuclitec GmbH) was used to prepare spiked soil standards to calibrate for the geometry of 
the measured samples; samples were packed in a petridish with a diameter of 9 cm and a 
height of 1 cm. The detector efficiency for 7Be (477.6 keV) activity was obtained by linear 
interpolation between the efficiency values of 113Sn (391.7 keV) and 137Cs (661.7keV). A soil 
sample free of 7Be was used to measure the background activity for a week, which was 
subtracted from the 7Be measurements of the samples. All samples were measured for at 
least 86,000 s providing a precision of ca. 10% at the 95% level of confidence for the majority 
(80%) of the samples. Low activity samples were measured up to 4 days (344,000 s) to 
decrease analytical uncertainties. Nevertheless, errors increase at low 7Be activities. 
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4.2.3 Statistical data analysis 
The statistical analysis was performed with SPSS software. Normality was checked by a 
Shapiro-Wilk test. A logarithmic transformation of the Ksat data was performed, but did not 
result in a normal distribution of the data. Since the Ksat data were not normally distributed, 
the Spearman's rank correlation coefficient was used to assess the correlation of Ksat to the 




4.3.1 Variation in the depth distribution of 9Be under simulated rainfall 
The variably compacted cores showed a distinctively different 9Be depth distribution 
response to the simulated rainfall as shown by the variation of the surface Be inventory 
(defined as the Be inventory in the upper 1.5 mm of the soil) and h0. An overview of the 
obtained descriptive results is shown in Table 4.2. The relaxation mass depth h0, 
representative for the depth distribution, varied between 0.59 and 4.65 kg m-2 with an 
average of 2.22 ± 1.02 kg m-2. The surface Be inventory varied between 24.9 and 140.3 µg, 
with an average of 74.1 ± 31.0 µg. The total Be inventory varied between 64.0 and 168.0 µg, 
with an average of 106.5 ± 34.1 µg. To account for the rainfall distribution pattern generated 
by the rainfall simulator, the surface to total Be inventory ratio was used in any further 
comparisons of the cores. In addition, the expected total Be input for each of the cores was 
calculated and compared to the measured total Be contents. This revealed that six out of 21 
cores showed a total Be inventory being at least 15% smaller than the calculated input, 
whereas two of them showed an increase in inventory of more than 15%. 
 
Ksat values ranged between <0.01 and 16.99 m day
-1 with a median of 1.1 m day-1 and an 
average of 3.28 m day-1. Only 22% of the observations have a Ksat higher than 5 m day
-1 
indicating the presence of macropores such as earthworm corridors. Figure 4.2 illustrates the 
Be depth profiles of four selected cores, at both low and high Ksat values. 
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Table 4.2: Summary data for each of the 21 cores after the laboratory rainfall simulations. Modeled 
Be inventories are overestimating the measured Be inventories and surface Be inventory is strongly 
























1.89 87.78 100.15 62.22 1.65 0.90 
3.23 147.06 152.97 88.46 1.51 2.76 
2.44 168.04 137.61 140.56 1.43 1.95 
1.30 111.66 128.67 77.26 1.34 0.01 
2.33 162.71 134.45 113.63 1.52 8.67 
3.25 131.78 148.31 101.67 1.34 4.95 
1.47 84.18 100.03 58.75 2.32 0.02 
4.65 87.19 101.26 43.23 1.14 16.99 
1.10 110.50 125.77 81.38 0.96 0.12 
1.18 64.01 116.36 52.07 1.50 1.43 
2.03 159.45 152.61 121.13 1.62 0.00 
2.01 64.11 108.94 48.40 1.43 0.01 
3.01 85.86 99.85 62.75 1.24 15.32 
1.44 66.79 123.81 46.46 1.54 0.04 
0.59 133.12 148.13 113.49 1.64 0.04 
3.57 96.85 108.04 69.01 1.30 13.87 
3.04 70.57 126.51 38.79 1.29 0.01 
1.06 68.96 108.34 54.91 1.23 1.51 
3.83 109.03 126.49 73.35 1.13 1.34 
2.77 75.64 124.31 58.72 1.59 1.59 
2.06 125.29 145.19 71.26 1.51 0.42 
 
All recorded h0 values as a function of Ksat are shown in Figure 4.3. At Ksat values exceeding 
5 m day-1, the collected dataset suggests an increase in 9Be penetration into the soil and a 
decrease in the ratio of the surface inventory to the total inventory with increasing Ksat. The 
cores with a Ksat < 5 m day
-1 showed a large variation in both h0 and surface inventory. Most 
compacted cores display a high surface Be inventory associated with limited Be penetration 
in depth (Figure 4.2A), whereas others (Figure 4.2C) show surface inventories and h0 values 
comparable to the less compacted cores (Figure 4.2B and 4.2D). 
 
 




Figure 4.2: The Be depth profile, with indication of total Be content in the profile, Ksat and h0 measured 
after the rainfall simulation for a soil core with low Ksat (A) showing a high surface Be inventory 
compared to the depth profile at high Ksat, where Be penetrated deeper into the soil (B and D). Depth 
profile C gives an indication of the observed variation in the measurements with a low Ksat, with the 
depth profile showing a low surface inventory and a relatively high h0. 
 
A new correlation was drawn after the removal of the eight cores with a total Be content 
deviating from the total received Be amount, since these cores do not represent the sole 
effect of Ksat on the depth profiles. After removal of these cores a significant positive 
correlation (p=0.025, Spearman correlation coefficient = 0.596) was found between the 
measured h0 and the ln transformed Ksat. The relaxation mass depth increased with Ksat, 
demonstrating the important influence of hydraulic conductivity on the depth distribution of 
9Be in the soil. 
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Figure 4.3: Scatter plot of the Ksat and relaxation mass depth (h0) for all 21 soil cores used during the 
rainfall simulations. The open symbols represent the samples with a total Be content deviating from 
the total Be input and are therefore omitted from the regression. 
 
4.3.2 Spatial variability of the total 7Be inventory and the 7Be depth distribution 
across a small catchment 
Total rainfall during the study period amounted to 510 mm, 602 mm and 565 mm at the 
medium (M), high (H) and low (L) altitude location respectively, with an average 7Be activity 
in the rainfall, based on the monthly measurements, of 1.3 ± 0.3 Bq l-1. The seasonal and 
spatial variation of the 7Be activity in the rainfall was within the uncertainty of the 
measurements. Based on the rainfall input and the radioactive decay of 7Be, the total 7Be 
inventory at time of sampling was modeled for each of the locations, following the method 
described by Schuller et al. (2010). Modeled inventories estimate the 7Be inventory at 191 ± 
24, 208 ± 37 and 202 ± 23 Bq m-2 at location M, H and L respectively, the uncertainty is due 
to the analytical uncertainty on the 7Be measurements. 
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All 7Be depth profiles show the typical exponential decrease with depth (Figure 4.4). The 
measured 7Be input was always decay corrected as a proportion of the activity at the sample 
date, based upon the weekly rainfall pattern. Averaged over the three soil types the total 7Be 
inventory was 141 ± 58, 135 ± 40 and 102 ± 50 Bq m-2 at location M, H and L respectively, 
with a CV of 37% across the locations. In comparison, the measured total 7Be areal activity 
within the 400m² reference site ranged between 52 and 244 Bq m-2 with an average of 143 ± 
51 Bq m-2 and a CV of 36%. The variation of the total 7Be inventory within the 400 m² 
reference site was thus similar to the variation across the small catchment. The measured 
total 7Be inventories are generally lower than the modeled reference inventories at the three 
locations, but the differences between modeled and measured inventories are similar at each 
of them. No significant differences were observed (Kruskal-Wallis test) in total and surface 
7Be activity across the three different sampling locations (Figure 4.5). In contrast, h0 shows 
significant differences, being significantly lower at location M compared to the H and L 
locations (p=0.01 (M to H) and p=0.047 (M to L) respectively) (Figure 4.5). 
 
 
Figure 4.4: The obtained 
7
Be depth profiles at each of the three locations (columns) for each of the 
three representative soil types (rows). 
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Be inventory (Bq m
-2
) and surface 
7
Be inventory (Bq 
m
-2
) per location (left) and per soil type (right). Significant differences and trends between locations or 
soil types are indicated by*(p<0.05), ***(p<0.01). 
 
More significant differences were found in relaxation mass depth, surface 7Be and total 7Be 
inventory between the different soil types used in this study, while no interaction effects 
between soil and location were found (Figure 4.5). The relaxation mass depth was deepest 
for the loam soil and significantly different from that recorded in the silt soil (p=0.016). The 
loam soil also responded differently compared to the other soils in terms of total 7Be 
inventory. Its 7Be inventory varied between 63 and 93 Bq m-2 (CV= 12%) and was 
significantly lower compared to the recorded ranges for the loamy sand (137-176 Bq m-2, 
CV=19%) and silt soil (82-173 Bq m-2, CV=36%). In this case, with a small catchment and a 
uniform rainfall pattern, the soil type has a larger influence on the inventory present in the soil 
after the incubation period compared to the location of the soil trays in the catchment. The 
surface 7Be inventory of the loam soil was, with values between 33 and 58 Bq m-2, 
significantly lower compared to 115-162 Bq m-2 and 60-156 Bq m-2 for the loamy sand soil 
and the silt soil, respectively. 
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Although a positive trend can be observed between the relaxation mass depth and the Ksat 
(range= 0.012-2.43 m day-1), this trend was not found to be significant (p=0.128, Figure 
4.6B), but shows a large similarity to the trend found during the rainfall simulations. The 
range in Ksat in this experiment was limited compared to the core experiment and three 
different soil types were combined to obtain the relationship, explaining the lack of a 
significant correlation between h0 and Ksat. In contrast, a significant negative trend was found 
between the Ksat and the surface 
7Be inventory (p<0.01) (Figure 4.6A). 
 
Figure 4.6: Correlations between the saturated hydraulic conductivity (Ksat, m day
-1
) and the surface 
7
Be inventory (A, Bq m
-2
), and between Ksat and the relaxation mass depth (B, kg m
-2
) over the three 
locations and the three soil types. Statistical significant correlations are indicated by a straight.  
 
4.4 Discussion 
4.4.1 Adapting the conversion model based on the relation between Ksat and the 
relaxation mass depth obtained during laboratory-performed rainfall simulations 
Previous studies indicate the possible importance of hydrological parameters in controlling 
the depth distribution of 7Be or other radionuclides, but fail to provide irrefutable evidence 
(Bundt et al., 2000; Schimmack et al., 1994; Chapter 3). The significant correlation between 
the relaxation mass depth and the Ksat found in the laboratory study supports the statement 
of the importance of hydrological parameters in controlling the depth distribution of 7Be. The 
results of the experiment show a large variation in h0 under low infiltration conditions, while at 
high Ksat values the relationship becomes more apparent. This implies that the Ksat is the 
main controlling factor of the Be depth distribution at high Ksat values while at low Ksat values 
several factors can influence the depth distribution leading to the high variation. For several 
of these cores with a low Ksat, surface water ponding was observed during the rainfall 
simulations, which could have attributed to the large variation observed. The Ksat range in the 
cores without compaction was 0.04-8.66 m day-1 showing the range used in this experiment 
was representative for natural conditions. However, the large number of low Ksat values 
A. B. 
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observed in this study will be overrepresented compared to natural conditions due to the 
artificial compaction, which can influence the correlation found in this study. This indicates 
the need for a proper sampling strategy to describe the reference inventory in a statistically 
sound manner in combination with an assessment of a modeled reference inventory to 
evaluate the possibility of 7Be inventory loss due to splash erosion or a reduced sorption of 
Be on the soil. The effect of splash erosion or an incomplete Be sorption on the total 
inventory and h0 cannot be neglected in this experimental setup as six cores showed a 
distinct lower total inventory compared to the modeled inventory. The high rainfall intensity 
used during the rainfall simulations is likely to have increased the incidence of outsplash of 
sediment particles labeled with Be from the surface of the cores. The effect of outsplash can 
vary significantly over the cores as several of the cores with a low Ksat had water ponding 
during the rainfall simulations. This can again partly explain the high variations observed in 
the cores with a low Ksat, while this effect will be limited for the samples with a high Ksat. 
Under natural conditions the net effect of splash erosion on a bare flat slope is assumed to 
be zero, however variations in soil physical characteristics, micro-topographic features and 
wind directions could refute this assumption. The large variation obtained in this study might 
indicate an effect of splash erosion on the depth distribution of 7Be since fine topsoil particles 
subjected to splash erosion typically show the highest 9Be activity (Taylor et al., 2014). This 
needs to be evaluated in future research. Splash erosion is not the sole controlling factor 
influencing the high variation in h0 and the total Be inventory as random variations in 
depositional fluxes, soil texture, Ksat, presence of macropores, water ponding on the cores, 
variations in Be background values or other physico-chemical soil characteristics can 
influence the Be sorption and thus Be distribution. However, visual evidence of splash 
erosion was observed during the rainfall simulations. This points to the need to take multiple 
or composite samples to establish the 7Be depth distribution in the field. Nevertheless, at 
high Ksat values the measurement of Ksat could provide some improvement in the estimation 
of h0 across a hill slope. At a high Ksat the quick infiltration, influenced by the presence of 
preferential flow paths, seems to be a controlling factor of the deeper penetration of 7Be into 
the soil. This is similar to conclusions drawn by Bundt et al. (2000) for the radionuclide 137Cs. 
 
Since Ksat can vary greatly at within-field scale (Butler Jr, 2005; Mohanty et al., 1994; Russo 
and Bresler, 1981) and model estimates are based upon the depth distribution of 7Be, 
obtained erosion estimates should be interpreted with care. Therefore, Ksat or infiltration 
measurements should be performed at each sampling location and a correction could be 
made to estimate h0 at each sampling point with a ksat > 5 m day
-1. Directly measuring of h0 at 
each location is almost impossible due to the constraints in the number of samples which can 
be measured in time before 7Be decays below the detection limit. Nevertheless, the 
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measurement of Ksat can also be a tedious process. Pedotransfer functions (PTFs) can be 
used to quantify the variation in Ksat within a soil type (Tietje and Hennings, 1996). This will 
give an indication if a correction for Ksat has to be made (a large variation with Ksat values > 5 
m day-1) and might possibly be used in the future to directly predict h0. A study by Landis et 
al. (2016) found a correlation between the bulk density and h0 in four forest soils indicating 
the possibility to measure bulk density as a proxy for Ksat facilitating the use of a correction 
factor on h0. It should be noted that bulk density is also depending on mineralogy and the 
presence of organic matter and not just pores, and the use of the bulk density as a proxy 
should therefore be limited to study areas with similar soil types and similar land uses. In this 
study a negative trend was observed between bulk density and h0, but this was not 
statistically significant. 
 
At Ksat values > 5 m day
-1, the correction should be of the form of Eq. 4.2, where c is a 
correction factor obtained from the correlation between the relaxation mass depth and Ksat 
specific for a certain soil type.  
 
 ℎ0,𝑙𝑜𝑐 = ℎ𝑜,𝑟𝑒𝑓 +  𝑐 [𝑙𝑛(𝐾𝑠𝑎𝑡,𝑙𝑜𝑐)  −  ln (𝐾𝑠𝑎𝑡,𝑟𝑒𝑓)]  Eq. 4.2 
 
where ℎ0,𝑙𝑜𝑐 is the relaxation mass depth at the point of sampling, ℎ𝑜,𝑟𝑒𝑓 is the relaxation 
mass depth established at the reference site, c is the correction factor determined for each 
soil type individually, 𝐾𝑠𝑎𝑡,𝑙𝑜𝑐 is the saturated hydraulic conductivity at the sampling location 
and 𝐾𝑠𝑎𝑡,𝑟𝑒𝑓 is the saturated hydraulic conductivity at the reference site. 
 
At each location, this corrected relaxation mass depth should be used to establish the 
erosion rate at that location. In the current work, for a sandy loam soil this factor amounts to 
0.283 (R²=0.55). Samples with a total Be content deviating with more than 15% from the 
modeled Be content were not taken into account. Because 7Be has a greater affinity for 
sorption onto small grain sizes (Blake et al., 2009; Taylor et al., 2014), this correction factor 
will not be uniformly valid, but will change with soil type. Therefore, future research should 
focus on empirically establishing a correction factor for different soil types. The uncertainty 
on h0,loc
 can then be calculated by following error propagation equation: 
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The conversion model described by Blake et al. (1999) can then be applied to estimate 
erosion rates at a certain location by using the relaxation mass depth estimated at each 
measuring point rather than adopting the simplified assumption of a constant relaxation mass 
depth across the entire hill slope (Eq. 4): 
 
 ℎ = ℎ0,𝑙𝑜𝑐 ln (
𝐴𝑟𝑒𝑓
𝐴
)  Eq. 4.4 
 
where h is the eroded mass depth (kg m-2), ℎ0,𝑙𝑜𝑐 the relaxation mass depth at the location of 
sampling, Aref (Bq m
-2) the areal inventory at an undisturbed, stable reference site where no 
erosion or deposition has taken place and A (Bq m-2) the areal inventory measured at the 
sampling location. 
 
The correct assessment of the relaxation mass depth at the reference site is of critical 
importance to obtain proper estimations of soil redistribution ( Taylor et al., 2013; Walling, 
2012), especially since all other relaxation mass depth estimations are based upon this 
value. Furthermore, the exponential fitting for estimating h0 can introduce significant errors 
that might be equally or more important than the spatial variation in h0, especially if the depth 
distribution deviates from an exponential decrease as is seen in Figure 4.2A. A correct 
assessment of the depth distribution is thus of critical importance. Several methodologies 
have been proposed to assess the relaxation mass depth. Taylor et al. (2013) propose to 
measure several 7Be depth profiles at the reference site to obtain the spatial variation in h0. 
This variation can be used to provide an indication of the potential magnitude of variation in 
soil redistribution estimated based on the 7Be measurements. However, due to the long 
measuring time and the short half-life of 7Be, the number of facilities able to measure this 
amount of samples is limited. To circumvent this problem several authors used composite 
samples to determine the relaxation mass depth, thus increasing the certainty on their 
relaxation mass depth estimation but at the expense of the data providing information on the 
spatial variability (Schuller et al., 2010; Sepulveda et al., 2008). By using the hydraulic 
conductivity to estimate the relaxation mass depth across a hill slope as proposed in this 
study the best of both techniques, the use of composite samples and taking the spatial 
variability in the relaxation mass depth into account in the model, can be combined to 
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4.4.2 Upscaling the use of 7Be from hill slope to small catchment scale 
All studies to date which use 7Be as a tracer to estimate soil redistribution based on the 
comparison with a stable reference site are conducted at hill slope scale (e.g. Blake et al., 
1999; Schuller et al., 2006; Sepulveda et al., 2008; Walling et al., 1999; Wilson et al., 2003). 
By monitoring the 7Be depth profiles in 3 soil types at 3 different locations within one 
catchment, the possibility to spatially extend the current conversion model is under 
investigation. A study by Porto et al. (2016) used a mass balance approach to monitor soil 
loss at a catchment scale, but this approach requires frequent resampling of the study area 
what can be difficult in remote areas. The ‘original’ comparison between reference site and 
study site might be less accurate but is much more applicable. Similar to the ‘original’ 
approach, the mass balance approach makes use of the 7Be depth distribution to convert 7Be 
inventories into soil losses. The relaxation mass depth, describing this depth distribution, 
showed a variation of 25% across our study catchment, indicating significant errors could be 
made by using a single 7Be depth distribution at a catchment scale. Since no erosion or 
deposition occurs at a reference site, the measured reference inventory is the product of the 
total 7Be input by deposition and the radioactive decay. Taylor et al. (2013) discussed 
atmospheric effects and topographic and vegetation cover effects as the main factors which 
could influence the uniformity of 7Be fallout. Spatial variations due to atmospheric effects are 
believed to be limited compared to the total 7Be inventory present in the soil (Goodrich et al., 
1995; Taylor et al., 2013). However, if the catchment size and associated variations in 
altitude increase, the variability in atmospheric effects may become important to monitor. As 
seen in this study the 7Be activity in the rainfall did not vary significantly across the 
catchment, but the total input of 7Be varied by up to 15% at the different measuring locations 
due to variations in total rainfall. The total variation in 7Be inventory, being 37%, in the 
different soil trays could therefore not be explained solely by the variation in 7Be input. 
Uncertainties on the 7Be input due to weekly decay corrections and analytical uncertainties 
on the 7Be measurements can go up to 28%. The large variation in 7Be inventory and 7Be 
depth distribution within the three locations and soil types can be attributed to the variation in 
texture and other physico- chemical characteristics of the soil. Several factors such as pH, 
complexation with dissolved organic compounds, presence of hydrous oxides, clay 
mineralogy, salinity and humic acid have been shown to influence sorption behavior of 7Be in 
the soil (Aldahan et al., 1999; Armiento et al., 2013; Baskaran et al., 1997; Dibb and Rice, 
1989; Takahashi et al., 1999). In literature some examples can be found in which the depth 
profile of 7Be showed some strong deviations from the superficial depth distribution, e.g. 
Casey et al. (1986) found 7Be up to a depth of 7 cm in marsh soils, which can be attributed to 
slow sorption rates relative to the infiltration rates, while Wallbrink and Murray (1996b) found 
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a uniform depth distribution in the upper 5 mm due to a layer of quartz sand with a coarse 
grainsize with a rapid infiltration rate and a low sorption capacity resulting in the low retention 
of 7Be and the uniform distribution of 7Be in the upper soil profile. Studies with other fallout 
radionuclides like 137Cs found a distinct influence of preferential flow through macropores on 
the depth distribution of these radionuclides (Bundt et al., 2000; Schimmack et al., 1994). 
These variations in grainsize and infiltration rate due to preferential flow paths can thus 
influence the 7Be depth distribution. As 7Be is preferentially bound to the finer soil particles 
(Taylor et al., 2014), the variable loss of 7Be rich soil particles by splash erosion or wind 
erosion and a difference in sorption behavior of the different soils have an influence on the 
total inventory measured. More research is needed to quantify these effects, preliminary 
results from an adsorption experiment indicate an incomplete adsorption of Be on the forest 
loam soil with an initial adsorption percentage at 80% and at equilibrium an adsorption 
percentage of 90%. It should be noted that analytical uncertainties on the 7Be measurements 
due to a low signal to noise ratio in the gamma spectrum especially in the tail of the 7Be 
depth distribution can influence the total 7Be inventory and the 7Be depth distribution 
observed. 
 
The observed variation in total 7Be inventory across the three locations (CV = 37%) is similar 
to the observed variation within one reference site measured in this study (CV = 36%), the 
latter variation being larger compared to reported values in literature e.g. 12% (Blake et al., 
2009), 20% (Kaste et al., 2011) or 5-25% (Wallbrink and Murray, 1996b). This variation 
would be linearly propagated in the erosion estimations based on the conversion model and 
failure to incorporate the variation of h0 across a hill slope could result in significant errors in 
soil redistribution estimates. Yet, no significant differences in total and surface 
7Be inventory 
were observed between the different locations due to the large within-location variability and 
the small number of samples. Spatial variability in 7Be inventory at a flat location within a 
small catchment therefore seems to be limited and comparable with variability within one 
reference site. Due to a limited number of samples the validity of a critical assumption, 
namely a spatial uniform 7Be input, could not be evaluated, future research should focus on 
this aspect by increasing the sample density within one catchment. However, the other 
assumptions, namely the rapid and irreversible sorption of 7Be to the soil, remains 
questioned on the catchment scale (Taylor et al., 2013; Taylor et al., 2012a; Wallbrink and 
Murray, 1996b). Results from this study showed that the sorption behavior and loss of 7Be 
rich surface particles due to splash erosion or wind erosion can differ between different soil 
types within one catchment, but the effect of each of these processes could not be evaluated 
in this study. This implies that the use of 7Be as a tracer within one catchment should be 
limited to catchments with similar soil types and land uses. All measured 7Be inventories 
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were significantly lower than the modeled 7Be inventories in the soil trays. The 
overestimation due to only correct for decay on a weekly base could explain a part of this 
difference (maximum 13% of overestimation) as well as the analytical uncertainty on the 7Be 
activity in the rainfall (up to 20%). The measured total 7Be inventory values of the loam soil 
deviated most strongly from the modeled inventory estimations, indicating a possible loss or 
a reduced sorption of 7Be during the study period. The low pH of this soil can have a 
negative influence on Be sorption and hence explain the lower 7Be inventory (You et al., 
1989). Previous research indicated increased 7Be mobility at low pH values, promoting 
leaching of 7Be out of the soil trays especially out of the loam soil with a pH of 4.2. Allthough 
no Be was observed below a depth of 12 mm the chance of 7Be leaching out of the soil trays 
cannot be excluded completely (You et al., 1989). Some 7Be might be present below this 12 
mm, but under the detection limit. More reseach is needed to evaluate the effect of the 
chemical soil characteristics on the sorption behavior of 7Be. The limited depth penetration of 
7Be in the soil profile indicates soil loss from the surface due to splash or wind erosion might 
be more important in removing 7Be from the soil trays, which is also indicated by the low 
surface inventory in the loam soil. So an overestimation of the modeled inventory and a loss 
of 7Be due to a reduced sorption, wind erosion and outsplash can explain the observed 
difference between modeled and measured 7Be inventories. Before extending the current 
conversion model to a small catchment, additional research is needed to confirm the 
assumptions relating to the immediate and irreversible sorption of 7Be upon different soil 
types. 
 
The results found in this research also have implications on previous applications of the ratio 
of 7Be to 210Pbex. This ratio is used to evaluate the transport distance or residence time of 
sediments or to distinguish surface versus sub-surface origin of suspended sediment (Evrard 
et al., 2016; Le Cloarec et al., 2007; Matisoff et al., 2005; Wilson et al., 2007). Current 
research showed evidence that the sorption behavior of 7Be will alter in different land uses 
and soil types and incomplete sorption upon contact with the soil might be possible leading to 
uncertainties on these applications of 7Be. Future research should hence also address the 
response of 210Pbex to differences in land use and soil type to ensure the validity of the 
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Variability in the 7Be depth distribution in soil is correlated to Ksat and to the presence of 
macropores facilitating preferential flow. Deeper penetration of 9Be was observed in soil 
cores with a higher Ksat during rainfall simulations, although this relationship is not clear at 
low Ksat values as other factors might become more important in controlling h0 at low Ksat 
values. This implies the relaxation mass depth is unlikely to be uniform across a hill slope as 
Ksat is well known to vary significantly on a hill slope. Variability in Ksat can however be used 
as a proxy for variability in h0, allowing a rapid assessment of this factor for incorporation into 
conversion model analysis. Future research should investigate the possibility to use PTFs to 
estimate variability in h0 based on a broader range of soil characteristics. The comparison of 
the modeled Be inventory with the measured Be inventory indicates the possible importance 
of splash erosion and sorption behavior on the 7Be inventory, and results should be 
interpreted with care. The 7Be activity in the rainfall across the catchment did not vary 
significantly. However, total rainfall varied by 15% at the three different measuring locations. 
Nevertheless, the spatial variation of the total 7Be inventory between three reference sites in 
a small catchment, in a temperate climate and with altitude differences limited to 100 m, was 
not larger than the variation within one reference site in similar conditions. With a statistically 
sound sampling strategy it is possible to account for this variability and obtain a reference 
inventory valid for the entire catchment of 8 km². The variation in soil type should be taken 
into account when developing the sampling strategy since 7Be inventory varied significantly 
across soil type with lower 7Be inventories and a deeper penetration of 7Be in the soil for the 
loam soils. Possible effects of wind and splash erosion can attribute to the observed 
differences, results should therefore be interpreted with care and future research should aim 
to quantify the effect of these different processes. Furthermore, the different soil types 
displayed diverse 7Be depth profiles, with a variation of 25% on the relaxation mass depth, 
introducing a significant error on the erosion estimations using 7Be at the catchment scale. 
This implies that tracer applications relying on use of the ratio 7Be/210Pbex to estimate 




We would like to thank the Special Research Fund (BOF) of Ghent University for the 
received project grant 01N03113, which made this research possible. We also thank Maarten 























Soil erosion rates under different tillage 
practices in central Belgium: New perspectives 






5 Soil erosion rates under different tillage practices in central Belgium: New 







Based on: Ryken, N., Vanden Nest, T., Al-Barri, B., Blake, W., Taylor, A., Bodé, S., 
Ruysschaert, G., Boeckx, P., Verdoodt, A. (2018). Soil erosion rates under different tillage 
practices in central Belgium: New perspectives from a combined approach of rainfall 












Recent European Common Agricultural Policy (CAP) forces Flemish farmers in the Belgian 
loess belt to combat soil erosion on high erosion sensitive parcels. A possible measure 
against erosion is the application of reduced tillage operations. To evaluate the efficiency of 
reduced tillage practices, erosion rates of a maize field under conventional tillage, non-
inversion tillage and strip-till were compared, all with and without wheel track compaction. To 
assess erosion rates, 20 min rainfall simulations (intensity 157 mm h-1) in combination with 
fallout radionuclide (FRN) 7Be measurements were used. At the small plot scale (5 m²), runoff 
coefficient, suspended sediment concentration and soil loss were measured directly during 
rainfall simulation in order to compare the effect of the different tillage treatments and the 
effect of wheel track compaction. After the rainfall simulations soil samples were taken for 
7Be analysis to explore spatial patterns in soil redistribution within the different plots. 
Furthermore, a total soil redistribution budget was obtained based on the 7Be measurements 
and validated with the direct erosion measurements during the rainfall simulations. 
Direct measurements showed a significant lower runoff coefficient, suspended sediment 
concentration and total soil loss in the non-inversion and strip-till treatments compared to the 
conventional tillage treatment. No significant difference was observed between the non-
inversion and strip-till treatment. For all treatments, wheel track compaction increased runoff 
coefficients and soil loss. 
The 7Be measurements confirmed overall trends observed during the rainfall simulations, 
with high soil losses in the conventional treatment (5.96 kg ± 1.37 – 6.23 kg ± 2.36) and a 
decrease in soil loss with the non-inversion (1.50 kg ± 0.34 – 1.95 kg ± 0.54) and the strip-till 
treatment (-0.19 kg ± 0.60 – 0.10kg ± 2.50). However, 7Be-derived net erosion estimates 
overestimated total soil loss per plot compared to the direct measurements. The 
appropriateness of correction factors, like particle size correction and variations in relaxation 
mass depth, to improve the tracer based assessment of absolute soil loss values was 
evaluated. Spatial patterns in soil redistribution clearly reflected the sediment and runoff 
buffering capacity of the inter-row area in the strip-till treatment, while higher erosion rates 
were observed in the plant rows. Yet, sample representativeness to construct the soil erosion 
budget is a key consideration in light of discrepancies between tracer and rainfall simulation 
results. The different rainfall simulations support the preference of non-inversion tillage and 
strip-till over conventional tillage in order to reduce soil loss in the Belgian loess belt. The 
increased soil loss due to wheel track compaction implies the need to till favorable soil 
moisture conditions to avoid soil compaction. 
  
 




Soil erosion problems in Belgium have received increasing attention due to regularly 
occurring mudflows and sediment deposition in rivers and urbanized areas during the 1990s. 
Common modern agricultural practices, with heavy machinery, less permanent grassland, 
less winter wheat in crop rotations and scale enhancement, are responsible for increased soil 
erosion rates. Climate change threatens to amplify these impacts with a higher frequency of 
intensive, highly erosive rainfall events, which will lead to even higher erosion rates if no 
erosion control measures are taken (Meert and Willems, 2013). Soil erosion rates reported 
on the silt loam soils typical for the hilly areas of Belgium varies between a few to more than 
100 ton soil ha-1 yr-1 (Overloop, 2011). These high erosion rates have significant on-site and 
off-site effects. On-site effects include amongst others the loss of fertile soil, the wash out of 
seeds, fertilizer and herbicides, and can result in a reduced yield (Lal, 1998). Furthermore, 
soil erosion will lead to a loss of soil quality due to the loss of soil biodiversity, the loss of 
organic matter and consequently the loss of a good soil structure (Pimentel et al., 1995). The 
off-site effects are mudflows, an increased sediment and nutrient delivery in the water 
courses. 
 
To reduce the problems related to soil erosion, farmers, policy makers and researchers in 
Flanders (Belgium) collaborate to implement soil erosion abatement plans and create new 
legislation. The farmers are obliged to install on- and/or off-site mitigation measures against 
erosion. On-site erosion mitigation measures include non-inversion tillage, no-till or strip-till. 
Non-inversion tillage practices are already well studied in Belgium (e.g. Leys et al., 2007; 
Van den Putte et al., 2012), but strip-till is new to farmers and the erosion effect has not been 
investigated yet in Belgium. With strip-till small strips are tilled and cleared from residues 
while the inter-rows are left untouched so that the residue cover remains. Strip-tillage can be 
the answer to problems frequently endured in no-tillage systems like soil compaction, 
reduced infiltration and lower soil temperature, while protecting the soil with more residues 
compared to conventional tillage (Licht and Al-Kaisi, 2005). The disturbed zone is typically 25 
cm wide and cultivation is applied to a depth ranging between 10 and 30 cm, the disturbed 
area is typically less than one third of the cultivated area (Gebhardt et al., 1985; Licht and Al-
Kaisi, 2005). 
 
Strip-till advantages over conventional tillage and no-till practices listed in literature are 
numerous, e.g. compared to no-till practices: the intact surfaces residues influence soil 
moisture content and the soil temperature is higher in the tilled, residue free zones which can 
promote seed germination (Azooz et al., 1997; Kaspar et al., 1990; Licht and Al-Kaisi, 2005; 
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Shinners et al., 1994), a better control of weed emergence in the tilled zones (Barnes and 
Putnam, 1983; Teasdale and Mohler, 2000), strip-till improves drainage and soil structure 
(Mahboubi and Lal, 1998) and reduces root penetration resistance in the stripped zone (Licht 
and Al-Kaisi, 2005). Compared to conventional tillage the residues in the inter-rows remain 
on the surface after strip-till, these residues are important features to reduce erosion rates 
(Dickey et al., 1985; Morrison and Sanabria, 2002; Shinners et al., 1994; Wilson et al., 2004). 
Furthermore, strip-till provides a better control over soil moisture evaporation (Lal et al., 
2007) and is less labor intensive and less fuel consuming compared to conventional tillage 
(Morris et al., 2010). Negative effects of strip-tillage included the increased cost of weed 
control, an increased risk for fungi and diseases in the crop, the need for specific machinery 
for tillage, sowing and fertilizing. As a result, crop yields have been found to be reduced by 
ca. 10% in a strip-till system compared to the conventional tillage, although these results vary 
significantly on different soil types (Vyn and Raimbault, 1992). In theory, the strip-till system 
uses the advantages of the no-till system, with the remaining residues in the inter-rows, and 
the advantages of the conventional tillage in the plant rows, thereby omitting the 
disadvantages of both techniques. However, definite proof of the advantages of strip-till to 
combat erosion of silt loam soils present in central Belgium is lacking up to date and the 
effectiveness of strip-till is strongly depending on the soil type (Morris et al., 2010).  
 
Therefore, the erosion rate reported on six plots under three different tillage practices, 
namely conventional moldboard plowing, non-inversion tillage and strip-till, were compared 
during 20 min rainfall simulations. The application of the different tillage practices and the 
subsequent sowing can result in a significant soil compaction in tractor wheel tracks, 
especially if these practices are performed in wet conditions. Tractor wheeling can act as 
pathways for sediment transport, resulting in increased erosion rates at these compacted 
zones (Withers et al., 2006). To evaluate the effect of soil compaction on soil erosion, six 
extra plots were selected with wheel tracks present and included in the rainfall simulations. 
However, during these rainfall simulations an average erosion rate is measured for the entire 
plot, while the erosion in the strip-till plots can have a significant spatial variation because of 
untilled zones with crop residues versus tilled zones without residues. To assess this spatial 
variability, the fallout radionuclide 7Be was used as a monitoring tool. 7Be offers the potential 
to quantify the effects of land use management on soil erosion rates at the field scale and is 
able to evaluate spatial variation in erosion (Mabit et al., 2008a; Schuller et al., 2010). The 
most frequently applied methodology to estimate soil erosion using 7Be relies upon the 
change in 7Be inventory at a sampling site compared to the 7Be inventory at a stable 
reference site without erosion/deposition is present (Blake et al., 2002; Schuller et al., 2006; 
Walling et al., 1999). A simple conversion model based upon the 7Be depth distribution is 
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used to convert the 7Be inventory measurements into quantitative soil erosion or deposition 
rates (Blake et al., 1999). Some efforts have been made for a validation with erosion pins 
(Schuller et al., 2006) and with deposition rates (Liu et al., 2011), but to the authors’ 
knowledge this paper is the first to validate 7Be erosion measurements with monitored 
sediment fluxes during rainfall simulations. The goal of this paper is 1) to evaluate the soil 
erosion control efficiency of strip-till in a Luvisol with a loam to silt loam texture (USDA) in 
central Belgium compared to non-inversion and conventional tillage, 2) to assess the spatial 
variability of erosion in a strip-till system with the use of 7Be and 3) to validate the use of 7Be 
as a sediment tracer by comparing the results with the measured sediment flux during the 
rainfall simulations. 
 
5.2 Materials and methods 
5.2.1 Site characterization 
An experimental field was selected in the loess belt in central Belgium (50°45’22” N, 4°46’03” 
E) in 2016. The experimental field was already non-inversely tilled for ca. 8 years. The main 
crop in 2015 was cereal maize of which the remains were slightly incorporated in the soil by 
shallow disc harrow cultivation shortly after harvest in autumn 2015. The maize residues 
remained over winter until the experiment was established. Two sites in the field were 
selected, one with a slope of 8.9 % (block A) the other with a slope of 8.3 % (block B) (Figure 
5.1). The soil is classified as a Luvisol (IUSS Working Group WRB, 2006) with a loam (block 
A) to silt loam (block B) texture (USDA). pH-KCl varied between 7.1 and 7.2. The organic 
carbon content of the top soil (0-5 cm) ranged between 0.87-1.74% and C/N ratio was 
around 11 for both A and B blocks. Three different types of tillage were applied, namely 
conventional tillage by moldboard plowing (depth 30 cm), non-inversion tillage (depth 30 cm) 
and strip-till (depth 21 cm), before the sowing of maize. Conventional tillage by moldboard 
plowing completely inverses the soil to bury crop residues and weeds and is typically 
followed by an additional cultivation to prepare the seedbed (Morris et al., 2010). Non-
inversion tillage is a system which incorporates the crop residues in the upper 10 cm of the 
soil without inverting the soil, whilst (in theory) at least 30% of the crop residues remains at 
the surface (Davies and Finney, 2002). The disadvantage of not inverting the soil is the 
increase of weed growth and thus the need to increase herbicide use (Morris et al., 2010). 
The efficiency of strip-till is highly depending on the soil conditions upon application, where 
wet conditions during tillage can result in severe soil compaction (Withers et al., 2006). All 
tillage types were performed over a width of 6 meter in two blocks across the experimental 
field as indicated in Figure 5.1. 
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Prior to the rainfall simulation, soil samples were taken for soil moisture content analysis (0-
60 cm depth in depth increments of 10 cm and Kopecky rings 0-5 cm depth were taken for 
surface moisture content and bulk density. Samples were dried at 105°C for 48h). Aggregate 
stability for each of the tillage systems was determined by using the wet sieving method of 
De Leenheer and De Boodt (1959), which was specifically developed for silt loam soils in 
Belgium. Soil samples were taken in triplicate (0-10 cm depth) for each of the tillage 
treatments and with and without wheel compactions. Shortly, air-dry soil samples were gently 
divided into aggregates of six size classes with a predefined aggregate size and 
subsequently subjected to a wet sieving. A mean weight diameter (MWD) was calculated 
based on the mass of aggregates remaining on the respective sieves after the wet sieving 
and compared with the weight per sieve prior to the wet sieving to obtain a stability index; in 
which a higher index refers to a higher aggregate stability. The infiltration rate was measured 
in each tillage system prior to the rainfall simulations by use of a mini disk infiltrometer 
(Decagon) in triplicate, both in the rows and between the maize rows, directly next to the 
erosion plots similar to Caldwell et al. (2008). Finally, orthogonal pictures were taken of each 
of the erosion plots to determine the total soil cover by residues prior to the rainfall 
simulations for each of the tillage systems. The total percentage of cover was estimated over 
a selected area of 1 m² by use of the opensource-software package ImageJ (Abràmoff et al., 
2004). 
 
5.2.2  Rainfall simulations 
Six plots of 5 m by 2 m in the three investigated tillage systems were selected and 
subdivided in two plots of 5 m by 1 m, whereby one of the subplots had visible wheel track 
compaction while the other did not have any sign of compaction. Rainfall simulations were 
performed 1.5 months after sowing to allow the soil to consolidate and the soil structure to 
redevelop after tillage under influence of rain impact and biological activity. The present crop 
was cut by hand at ground level to omit influence of soil cover due to the crop and focus on 
the influence of tillage system into account. It should be noted that different root development 
in the different treatments can still influence erosion rates. The rainfall simulator used was 
custom made and consisted out of an 8 m long steel pipe, elevated at a height of 1.8 m and 
equipped with seven Teejet TG SS W14 nozzles spaced 1 m apart (Figure 5.2). A constant 
water pressure of 0.1 MPa was exerted resulting in a kinetic energy of the rainfall of 3 J m-2 
mm-1. Two subplots of 5 m by 1 m were rained simultaneously as indicated in Figure 5.1. 
Initial soil conditions are given in Table 5.1. 
 




Figure 5.1: The experimental field setup with the different treatments in block A and B, with the 
schematic overview of the rainfall simulation setup and the sampling location for 
7
Be measurements in 
the strip-till plots. 
 
Nine plastic beakers were placed in the runoff plot to measure the rainfall intensity, which 
was extrapolated using a predetermined rainfall distribution pattern to obtain an average plot 
rainfall intensity. Rainfall intensity averaged to 157 ± 19 mm h-1 and simulations were 
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executed for 20 minutes. These high intensities were selected to generate measurable runoff 
permitting the relative difference in erosion sensitivity between the three tillage systems to be 
evaluated under extreme conditions. Runoff was collected in runoff gutters and measured in 
1 minute intervals. The sediment concentration was measured every two minutes by 
subsampling the runoff and drying out the sample after which the dried sediment (105°C for 
24 h) was weighted. 
 
 
Figure 5.2: Overview of the used rainfall simulator, plastic borders are used to delineate the plots and 
plastic cups are used to measure the effective rainfall intensity in a regular grid. Two paired plots (5 m² 
each) are sampled simultaneously, one with wheel track compaction and one without any signs of 
compaction.  
 
5.2.3 Erosion estimations by use of the fallout radionuclide 7Be 
Around each of the six plots, six core (Ø=9 cm, h=7 cm) samples were taken and bulked to 
analyze the total inventory of 7Be. The 7Be depth distribution was measured to a depth of 2 
cm at a resolution of 1 mm by use of a custom-made fine increment soil collector (Chapter 
3). 7Be activity decreased exponentially with depth and dropped below detection limit below 
12 mm. After the rainfall simulations three cores were taken in triplicate (next to each other) 
and bulked in each of the subplots to measure the total 7Be inventory remaining in the soil as 
indicated in Figure 5.1. In the strip-till subplots, six 7Be samples were taken in triplicate to 
evaluate the spatial variation in soil redistribution (Figure 5.1). In total, six soil cores were 
taken in the inter-row area and six soil cores were taken in between the maize rows as 
indicated in Figure 5.1. This sampling strategy was chosen to compare erosion rates 
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between the inter-rows, which are not tilled and covered by residues, and the tilled maize 
rows. Collected samples were air-dried, grounded by hand and sieved at 2 mm and 
subsequently packed in Petri dishes (Ø=9 cm, h=2 cm). 7Be analysis was performed with a 
Broad Energy Germanium (BEGe) detector, with a relative efficiency of 43%. Standard 
geometry samples were prepared with a standard radionuclide solution (QCYA17840, Eckert 
& Ziegler nuclitec GmbH) to calibrate for the geometry of the measured samples, and 
detector efficiency for 7Be (477.6 keV) activity was obtained by linear interpolation between 
the efficiency values of 113Sn (391.7 keV) and 137Cs (661.7 keV). A precision of approximately 
10% at the 95% level of confidence was aimed for during sample analysis and for the 
majority (80%) of the samples a measuring time of 24 h was sufficient to reach this precision. 
Samples were calibrated for background emission, geometry efficiency, decay and emission 
intensity (10.4%). 
 
Since this research makes use of rainfall simulations in a field which was already subjected 
to possible erosion for 1.5 months prior to the experiment, a slight adaption of the traditional 
conversion model of Blake et al. (1999) was made. In the normal conversion model, a stable 
reference site is selected to measure the baseline 7Be inventory, which is compared with the 
7Be inventory at the sampling locations. However, it cannot be assumed that zero soil loss 
occurred prior to the rainfall simulation as visually observed rills were present. Therefore, the 
7Be inventory prior to the rainfall simulations was measured for each of the plots as indicated 
in Figure 5.1 and used as the baseline to compare the 7Be inventories. By applying this 
strategy, the erosion rate of the individual rainfall simulations could be calculated and 
compared with the sediment output during the rainfall simulations. The model used to convert 
the 7Be inventory to erosion rates is based upon the 7Be depth distribution and is described 
in detail in Blake et al. (1999) (cfr. Section 3.2.1). The eroded mass (h, kg m-2) is given by: 
 
 h = h0 ln (
A𝑝𝑟𝑖𝑜𝑟
A
)   Eq. 5.1 
 
where h0 is the relaxation mass depth the mass depth (kg m
-2) at which 63% of the total 7Be 
activity is found above, 2.37 – 2.61 kg m-2 in this case, Aprior (Bq m
-2) is the 7Be inventory prior 
to the rainfall simulation (similar to Aref in Blake et al. (1999)) and A is the 
7Be inventory at the 
sampling location. A negative h indicates deposition. 
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During the rainfall simulations natural collected rainwater was used. The 7Be activity of the 
rainwater was measured as outlined by Short et al. (2007) and was 0.77 Bq L-1. The erosion 
plots therefore had an extra 7Be input compared to the baseline and a correction was made 
taking this 7Be input into account in order to respect the 7Be mass balance. 
 
The total soil loss (s, kg) from the plot was obtained by areal adjustment of the erosion rate 
(h). Each of the three samples in the subplots was assumed representative for 1.66 m² of the 
total 5 m². Total soil loss (s, kg per plot of 5 m²) is therefore given by: 
 
 𝑠 = ∑ 1.66 ∗ ℎ𝑖   Eq. 5.2 
where hi is the erosion rate (kg m
-2) at each of the three measuring locations within the plot. 
Erosion estimates for each sampled zone were summed to obtain a total soil loss per plot 
which could be compared with the erosion rates measured during the rainfall simulations. 
 
5.2.4 Statistical data analysis 
The statistical analysis was performed with SPSS software. Normality was checked by a 
Shapiro-Wilk test. Data were compared with a pairwise t-test in case of normality and 
otherwise by a non-parametric Wilcoxon signed rank test. 
 
5.3 Results 
5.3.1 Soil characteristics  
No statistical differences in gravimetric soil moisture content could be observed between the 
non-inversion tillage treatment and the strip-till treatment (0.18-0.20 g g-1) (Table 5.1). The 
gravimetric soil moisture content of the conventional tillage treatment (0.18-0.24 g g-1) was 
slightly lower compared to the other treatments (0.20-0.28 g g-1). No trend could be observed 
in bulk density among the different tillage treatments, while wheel track compaction resulted 
in a trend of higher bulk densities (non compacted: 1.26-1.31 kg dm-3 versus 1.38-1.47 kg 
dm-3 for the non-compacted plots). The hydraulic conductivity decreased when compacted by 
wheel tracks from 0.135-0.641 m day-1 to 0.041-0.143 m day-1 (pairwise t-test: p<0.01). 
Between the different tillage treatments the trend in hydraulic conductivity was less clear. No 
significant difference in hydraulic conductivity could be observed between the conventional 
and non-inversion treatment (pairwise t-test: p=0.87), while it was higher for the strip-till 
treatment (pairwise t-test, p=0.03). Due to the specific tillage treatment, a high variability in 
hydraulic conductivity was found for the strip-till treatment without compaction, while this 
variation was less pronounced when compacted by wheel tracks. The aggregate stability did 
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not vary significantly amongst treatments. Soil cover was significantly lower for the 
convention tillage treatment compared to the other treatments (p<0.01), and lower for the 
non-inversion treatment compared to the strip-till treatment. 
 
Table 5.1: The gravimetric soil moisture content (g g
-1
) and bulk density (kg dm
-1
) (n=3) before and 
after the rainfall simulations for the upper 5 cm of soil, the hydraulic conductivity (m day
-1
) (n=5) with 
and without wheel compaction, the aggregate stability index (n=3) and the soil cover (%) (n=5) for 
each of the different treatments, conventional tillage (Conv), non-inversion tillage (Non-inv), strip tillage 
(Strip-till). Statistical differences are indicated by different letters. 
 
 
5.3.2 Runoff and sediment export measured during the rainfall simulations 
The runoff coefficient varied between 0.8% and 35.2% across treatments without wheel 
compaction, with compaction the range of the runoff coefficient was between 23.2% and 
63.8%, the variability in rainfall intensity across the different plots was taken into account 
(Figure 5.3). Wheel track compaction across all treatments resulted in a higher runoff 
coefficient (pairwise t-test, p=0.003). Wheel compaction resulted in a trend towards higher 
soil loss across all treatments (Wilcoxon, p=0.095). Soil losses were higher in block B, 
compared to block A (Wilcoxon, p<0.001). The suspended sediment concentration did not 
differ significantly due to wheel compaction (pairwise t-test, p=0.465). The non-inversion and 
strip-till treatments with wheel compaction had increased runoff coefficients compared to the 
conventional tillage treatment without compaction (+190 % ± 170 % and +137 % ± 41 % 
respectively), indicating the importance of compaction. Wheel track compaction increased 
runoff independent of the treatment and increases were highest for the non-inversion and 
strip-till treatment (Table 5.2). Although the runoff coefficient is higher, soil loss and 
suspended sediment concentration of the non-inversion and strip-till treatment with 
compaction were lower compared to the conventional treatment without compaction (Table 




 Soil erosion rates under different tillage practices 
101 
 
Table 5.2: Runoff, soil loss and suspended sediment concentration for each of the different treatments 




Figure 5.3: A. The runoff coefficient (%), B. the soil loss (kg m
-2
) after 20 minutes of rainfall simulation 
and C. the average suspended sediment concentration (g l
-1
) in the runoff during the 20 minutes of 
rainfall simulation. All are given for each of the treatments, conventional tillage (Conv), non-inversion 
tillage (Non-inv) and strip-till and are organized per compaction status. D. The cumulative soil loss (kg 
m
-2
) versus the cumulative rainfall (mm) per treatment and per block. Due to the slight difference in 
slope and location of the repetitions, results are presented as the separated location blocks A and B. 
 
The runoff coefficient, the suspended sediment concentration in the runoff and the total soil 
loss were reduced in the non-inversion tillage and the strip-till treatments compared to the 
conventional tillage treatment (Figure 5.3). The difference between the non-inversion 
treatment and the strip-till treatment was less clear, with only a significant difference between 
the suspended sediment concentration of the non-inversion and the strip-till treatment 
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(pairwise t-test, p=0.025). During the rainfall simulation non-inversion and strip-till treatments 
reduced soil loss with 74 ± 33 % and 99 ± 2 %, respectively for the non-compacted plots and 
with 50 ± 53 % and 73 ± 28 % for the wheel compacted experimental plots (Table 5.2). 
 
5.3.3 Sediment transport based on 7Be measurements 
7Be measurements resulted in point-specific soil loss estimations, each representing the soil 
loss over a similar area of the erosion plot. These point-specific soil losses were averaged 
within one subplot as to compare the different treatments. The 7Be budget shows very similar 
results as the results obtained during the rainfall simulations (Figure 5.4). The 7Be inventory 
at the conventional tillage treatment (162-177 Bq m-2) was significantly lower compared to 
the non-inversion (175-213 Bq m-2) and strip-till (234-255 Bq m-2) treatments, indicating 
higher erosion rates (pairwise t-test, p=0.01 and 0.03, respectively). The difference between 
the non-inversion and strip-till treatments was less pronounced (pairwise t-test, p=0.13). In 
the strip-till treatment an average increase in 7Be inventory was measured, which implies 
deposition over the sampling location. This is possible due to coincidence of the point 
location measurements and local deposition sites within the experimental plots or an 
overestimation in the 7Be input from the rainfall. The difference between the two blocks (A 
and B) and the difference between the wheel track compacted plots and the non-compacted 
plots could not be identified with the 7Be measurements. 
 
 
Figure 5.4: The average soil loss (kg m
-2
) over each subplot after 20 minutes rainfall simulation 
measured by the 
7
Be methodology, given per treatment and per compaction level (n=3). 
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The main advantage of the use of 7Be is the possibility to assess the spatial variability of the 
soil redistribution within the plots. The spatial variability in 7Be loss for the conventional 
treatment showed a clear difference between the non-compacted and the wheel track 
compacted plot (Figure 5.5A). On both of these plots the 7Be inventory decreased clearly 
downslope from 202 ± 62 Bq m-2 in the upper part of the plots towards 102 ± 11 Bq m-2in the 
lower section of the plots, which results in the erosion rates shown in Figure 5.5. During the 
rainfall simulations superficial runoff was clearly observed in the conventional treatment 
explaining this increased soil loss downslope. The superficial runoff was less pronounced 
during the rainfall simulations in the non-inversion and strip-till treatment, hence no 
downslope trend could be observed. In the strip-till treatment a significantly lower 7Be 
inventory was measured (196 ± 52 Bq m-2 versus 267 ± 71 Bq m-2) (pairwise t-test, p=0.041) 
in the plant rows compared to the inter-row area, indicating higher erosion rates in the plant 
rows (Figure 5.5C). 
 
 
Figure 5.5: A. The soil loss (kg m
-2
) for block A calculated based on the 
7
Be measurements on each of 
the point sampling locations at the conventional treatment, B. at the non-inversion treatment, C. at the 
strip-till treatment. Plant rows and wheel track compactions are indicated. 
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The total soil loss per plot during the rainfall simulation estimated with the 7Be methodology 
had a similar trend as the soil losses measured directly during the rainfall simulations, with 
high soil losses in the conventional treatment and a decrease in soil loss with the non-
inversion and the strip-till treatment (Table 5.3). 
 
Table 5.3: The total soil loss per 5 m² plot (kg) as measured directly during the rainfall simulations and 
measured with the 
7
Be methodology, soil losses are given per treatment and compaction level (n=3 for 
Conv and Non-inv, n=6 for strip-till), an average was taken over the two blocks A and B.  
 
 
In contrast to the direct measurements, the 7Be measurements indicated a clear difference in 
soil loss between the non-inversion treatment and the strip-till treatment as the 7Be 
measurements are able to distinguish spatial variability within the plots and identify eroded 
areas and depositional areas. However, the 7Be methodology resulted in an overestimation 




5.4.1 Influence of tillage treatment on runoff and soil erosion 
A significant reduction in soil loss was observed between the conventional tillage treatment 
and the non-inversion and strip-till treatment, similar to Holland (2004) and Leys et al. (2007). 
The reduction in soil loss was more efficient compared to the reduction in runoff under non-
inversion and strip-till treatments compared to conventional tillage as is often observed in 
literature (Armand et al., 2009). Mostly this is explained by the higher soil cover due to the 
presence of more crop residues (Kwaad et al., 1998; Roger-Estrade et al., 2011; 
Schiettecatte et al., 2008). This is in close alignment with our observation with only a very 
limited soil cover of 2.3 % ± 1.2% for the conventional tilled plots, while the soil cover 
increased to 10.7 % ± 1.1 % and 14.4 % ± 1.7 % for the non-inversion and strip-till 
treatments, respectively. This crop residue protects the soil from raindrop impact, thus 
protecting the soil against crusting; furthermore it increases soil roughness resulting in a 
decrease in runoff streampower and a lower sediment transport capacity (Findeling et al., 
2003; Schiettecatte et al., 2008). This was clearly observed in this study as a decrease in 
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sediment concentration between 73 % and 86 % in the non-inversion and the strip-till 
treatment compared to the conventional tillage treatment. In addition, reduced tillage results 
in the presence of more macropores with a high connectivity by a lower disturbance of the 
top soil and a higher earthworm presence, which reduces surface runoff (Capowiez et al., 
2009; Shipitalo et al., 2000). This was clearly visible in the reduced runoff in the non-
inversion and strip-till treatment and the increased hydraulic conductivity in the strip-till 
treatment in this study. However, due to wheel track compaction these macropores will close, 
which results in an increased runoff and a decreased hydraulic conductivity as observed in 
this study. Therefore, the initial soil conditions at tillage and subsequent sowing are of crucial 
importance, which was already pointed out by Holland (2004). Holland (2004) states the 
importance of dry conditions at the moment of reduced tillage, while this is of less importance 
for conventional tillage. A large variability in runoff and soil loss was observed among and 
within the different treatments. This variability has been reported frequently in literature and 
could be related to experimental variability such as rainfall intensity and field variability, such 
as intra-plot differences in soil erodibility and infiltration rates (Leys et al., 2007; Wendt et al., 
1986). Nevertheless, our results indicate a high sensitivity of the strip-till treatment towards 
wheel track compaction as runoff increased 20-fold while it ‘only’ tripled for the conventional 
tillage. No significant effect of the wheel track compaction on the suspended sediment 
concentration could be observed. Although runoff streampower and thus sediment transport 
capacity increased due to the compaction, sediment concentration did not increase. Soil 
particles are packed more densely due to the wheel tracks which can reduce soil 
detachment, explaining the absence of a relation between the compaction and the 
suspended sediment concentration (Moore and Singer, 1990). Nevertheless, due to the 
increased runoff, wheel tracks will act as important pathways for sediment transport (Withers 
et al., 2006). Reducing wheel track compaction e.g. by the use of low pressure tires can 
provide important benefits in combatting erosion (Alakukku et al., 2003; Hamza and 
Anderson, 2005). 
 
The positive effect of reduced tillage on the aggregate stability has been documented 
frequently and is mostly attributed to a reduced intensity of soil movement, increased organic 
carbon content and the retention of crop residues at the soil surface (Carter, 1992; Hajabbasi 
and Hemmat, 2000; Kasper et al., 2009). However, this effect was not clearly observed in 
this study, mainly due to the high variation in aggregate stability observed in the non-
inversion tillage plots. Prior to the experiment, the field was already cultivated for eight years 
with non-inversion tillage and the different treatments were only installed for 1.5 month prior 
to the sampling. Possibly, the limited amount of time under the different treatments can partly 
explain the limited variation in aggregate stability observed. 
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5.4.2 The measured sediment export versus the soil loss estimations with 7Be 
Estimates of soil redistribution based on the 7Be measurements were an overestimation (up 
to 1 order of magnitude) relative to the direct soil loss measured. This can partially be related 
to the point sampling of the 7Be methodology, loss of 7Be due to sorption inside the rainfall 
simulator, possible deposition or eroding areas within the experimental plot can be 
unsampled. However, it is very unlikely that the large difference could be explained by this 
fact alone. 
 
Secondly, a recent study of Taylor et al. (2014) demonstrated the influence of the preferential 
adsorption of Be to the fine particle fraction of the soil. The selective transport of these fine 
fraction which are more erosion sensitive compared to the coarser fraction results in an 
overestimation of erosion when 7Be is measured (Morgan, 2009; Taylor et al., 2014; Yang et 
al., 2013). Unfortunately, not enough sediment could be collected during each of the rainfall 
simulation to assess the particle distribution in the collected runoff sediment and no direct 
estimation could be made of the preferential transport of the fine fraction as done by Taylor 
et al. (2014). Therefore an approach similar to Yang et al. (2013) was applied, where grain 
size and specific surface area (SSA) were measured prior the erosion event and post 
erosion. As the fines are preferentially removed by erosion the SSA will be larger prior to the 
erosion event. Based on this difference in SSA prior and post erosion a particle correction 
factor (P) could be established: 
 





  Eq. 5.2 
 
where Se is the SSA of the surface soil after erosion, So is the SSA of the surface soil prior to 
erosion and σ is a constant with a value of 0.75 obtained by Yang et al. (2013) for a range of 
loam soils. 
 
As more erosion occurred in the conventional tillage plots the difference in SSA and thus the 
particle size correction factor was largest for these plots. The decrease on the estimated soil 
loss due to the particle correction factor varied between 15 % and 23 % for the conventional 
plots, while it only decreased between 4 % and 12 % for the non-inversion and strip-till 
treatments. Taylor et al. (2014) estimated the overestimation could go up to 60-70% with the 
approach to measure the particle correction factor based on collected runoff sediments, 
making it likely the approach used in this study still overestimates the erosion rate. 
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Thirdly, the depth profile of 7Be, a key component given as the relaxation mass depth in the 
conversion model, is influenced by the hydraulic conductivity of the soil (Chapter 3). In this 
study the relaxation mass depth decreases by 80% for a compacted soil compared to a non-
compacted soil. In chapter 4, a correction factor was proposed for the relaxation mass depth 
(h0) based on the hydraulic conductivity given by: 
 
 ℎ0,𝑙𝑜𝑐 = ℎ𝑜,𝑟𝑒𝑓 +  𝑐 [𝑙𝑛(𝐾𝑠𝑎𝑡,𝑙𝑜𝑐)  −  ln (𝐾𝑠𝑎𝑡,𝑟𝑒𝑓)]  Eq. 5.3 
 
where ℎ0,𝑙𝑜𝑐 is the relaxation mass depth at the point of sampling, ℎ𝑜,𝑟𝑒𝑓 is the relaxation 
mass depth established at the reference site, c is a correction factor determined 
experimentally, (c=0.283 in these soil types), 𝐾𝑠𝑎𝑡,𝑙𝑜𝑐 is the saturated hydraulic conductivity at 
the sampling location and 𝐾𝑠𝑎𝑡,𝑟𝑒𝑓 is the saturated hydraulic conductivity at the reference site. 
Due to the high number of 7Be samples to be measured to obtain the depth profile, it is 
unrealistic to measure the depth profile for each study plot, and the correction factor is 
therefore used. The obtained ℎ0,𝑙𝑜𝑐 subsequently can be used in the conversion model to 
estimate the erosion rate. The impact of the application of this correction factor varied 
between an increase of 4 % to a decrease of 18 % of the estimated total soil loss. 
 
Based on both correction factors Eq. 5.1 can be adjusted to: 
 
 ℎ = 𝑃 ℎ0,𝑙𝑜𝑐  ln (
𝐴𝑟𝑒𝑓
𝐴
)  Eq. 5.4 
 
The application of Eq. 5.4 results in lower erosion rates estimates based on the 7Be 
measurements, but still overestimates the direct measurements (Table 5.4, Figure 5.6). 
 
Table 5.4: The total soil loss per 5 m² plot (kg) as measured directly during the rainfall simulations and 
measured with the 
7
Be methodology including the corrected total soil loss based on the particle size 
correction factor and the variation in depth distribution across the different plots. Soil losses are given 








Figure 5.6: Scatter plot giving an overview of the total soil loss (kg) per measurement technique, 




Some other factors might also be important explaining the observed difference. Due to the 
high rainfall intensities used, runoff initiated rapidly and might be responsible for an 
incomplete 7Be sorption prior to erosion, resulting in an overestimation of the erosion rate. 
Dalgleish and Foster (1996) evaluated the loss of the FRN 137Cs by runoff prior to sorption 
and concluded up to 10% of the 137Cs was washed out prior to sorption. Similar values can 
be expected for 7Be, although no research has been performed to date in order to evaluate 
this. 
 
A final key component which influences the discrepancy between 7Be erosion estimates and 
the directly measured soil loss, is the reference inventory used as baseline to compare the 
7Be inventories. The average variability in this reference inventory amounts to 22%. All these 
factors combined might explain most of the discrepancy between the directly measured soil 
loss and the soil loss estimations with the use of 7Be. This points out the necessity to have a 
proper soil particle and a hydraulic conductivity correction factor. Furthermore it is of crucial 
importance to have a proper estimation of the reference inventory. It should be noted that 
sample collection for 7Be and its depth distribution can be challenging when lots of residues 
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Although the soil losses were largely overestimated using 7Be, the general trend with high 
erosion rates at the conventional site was similar to the directly measured values. Therefore 
the use of 7Be can still provide very useful information. 7Be measurements indicate a clear 
difference between non-inversion and strip-till treatments, with the strip-till treatment 
performing better. This might be attributed to the high spatial variability in the strip-till 
treatment and the measured deposition in the inter-row zones. Furthermore the surface 
cover of the strip-till subplots was higher and the area effectively contributing to the soil 
erosion is small in the strip-till subplots. One of the main advantages of 7Be as a sediment 
monitoring tool is its capability to assess the spatial variability in soil redistribution (Mabit et 
al., 2008a). This is especially useful in the assessment of erosion rates in highly variable 
environments, like the strip-till treatment. Nevertheless, erosion rates based on 7Be 
measurements are prone to a high variability and the use of point core samples might not be 
the best approach. Several studies (e.g. Wallbrink et al., 2002; Blake et al., 2009) use a 
landscape unit based 7Be sediment budged, which circumvents problems due to random 
variability at a small scale. Therefore the strip-till plots were approached as two landscape 
units, namely the inter-row are and the row area. In this treatment the crop residue of the 
previous crop protects the inter-row area from erosion while the soil under the plant rows is 
bare. Therefore erosion rates can vary significantly across an area with strip-tillage, 
especially before the crop provides a decent soil cover or after harvest. Based on the 7Be 
measurements, an average deposition of 0.45 kg m-2 occurred in the inter-row zone, while an 
average erosion of 0.83 kg m-2 occurred in the plant rows. This clearly indicates the 
sensitivity to soil erosion in the tilled zones of the strip-till treatment. The inter-row zones can 
act as sediment and runoff buffers and optimal use of these buffer zones should therefore be 
pursued. In this study case, strip-till was implemented along the slope and still decreased 
erosion rates. An implementation along the contour lines might even be more effective in 
reducing erosion as each interrow area will act as a buffer zone.  
 
5.5 Conclusions 
Based on the direct measurements both non-inversion tillage and strip-till significantly 
reduced soil losses by erosion. However, strip-till did not systematically reduce erosion more 
than non-inversion tillage. Nevertheless, suspended sediment concentration in the runoff 
decreased in the strip-till treatment compared to the other treatments. It is of crucial 
importance to apply the different treatments, tillage and sowing, in optimal soil conditions as 
wheel track compaction resulted in a significant increase in soil loss and runoff coefficient 
independent of treatment. 
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7Be measurements resulted in an overestimation of soil losses compared to the directly 
measured soil losses. The general trend of high soil loss in the conventional tillage treatment 
and low soil loss in the other treatments is confirmed by the 7Be measurements. While the 
direct measurements were incapable to identify a difference between the soil loss in the non-
inversion and strip-till treatment, the 7Be measurements indicate that the strip-till treatments 
performed better than the non-inversion treatments. This can be attributed to the buffering 
capacity of the inter-row zones where deposition was measured, while erosion was 
measured in the plant rows. The use of 7Be can therefore be a huge benefit to pinpoint exact 
locations of erosion and deposition and can help policy makers to identify the proper 
measures to prevent erosion. 
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6.1 General conclusions 
The need for robust soil redistribution data has increased since the 1990’s in order to 
efficiently combat the excessive costs related to soil erosion. As traditional monitoring 
techniques (e.g. erosion plots, etc.) are costly, time demanding and very labor intensive, new 
alternatives were explored. The use of FRNs could provide soil redistribution data in a quick 
and retrospective manner, and can therefore be an interesting alternative to monitor soil 
redistribution. The most commonly used FRNs 137Cs and 210Pbex are used to monitor soil 
redistribution on a time scale of several decades. However, most erosion occurs during 
several intensive rainfall events, and so these FRN species are unable to monitor these 
events efficiently. A different FRN, 7Be, provides here an answer, with a half-life of 53 days; it 
can be used to monitor soil erosion at an event scale. Although 7Be has been used for almost 
2 decades to monitor soil redistribution, several knowledge gaps exist hampering its use. In 
this dissertation several of these knowledge gaps are pinpointed and addressed. 
 
Firstly, research describing the sorption behavior of 7Be in different environments is generally 
lacking. Irreversible and rapid sorption of 7Be to the soil is a prerequisite, which should be 
met if 7Be is to be used as a sediment tracer. Secondly, a standardized sampling 
methodology is absent. Today several different sampling methodologies exist which could 
influence soil redistribution estimates. Third, an important aspect in the conversion model, 
the 7Be depth distribution, is assumed to be constant across the study area, but several 
indications point to a variation in 7Be depth distribution at the spatial scale of a hill slope. The 
conversion model is used to convert the 7Be inventory in soil redistribution patterns and is 
based on the comparison of the 7Be inventory at a stable reference site and the 7Be inventory 
at the sampling site, taking into account the 7Be depth distribution. This variation should be 
described and incorporated in the conversion model. Fourth and finally, validation of the soil 
redistribution estimates based on 7Be measurements is limited and should be performed in a 
broad range of environments.  
 
6.1.1 Rapid and irreversible sorption behavior of 7Be 
The geochemical behavior of 7Be in a broad range of soils and environments was evaluated 
in chapter 2. Adsorption rate experiments with seven different soils revealed a rapid and near 
complete sorption of Be on arable soils in a temperate climate, while lower and slower 
adsorption was measured in a forest Stagnosol and two Ferralsols. This has major 
implications for the use of 7Be as a sediment tracer in tropical conditions or forest rich 
catchments as 7Be can be transported in surface runoff prior to sorption to the soil. Further 
sorption experiments indicated the limited influence of standard agricultural practices (e.g. 
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manure addition, liming) on the sorption of Be, while a drop in pH and the presence of Al3+ 
reduced Be sorption and the presence of humic acid facilitated Be desorption. These results 
support the use of 7Be as a sediment tracer in common agricultural settings in a temperate 
climate at the hill slope scale, while limiting its use under tropical and forest rich conditions.  
 
6.1.2 The need for a standardized sampling methodology 
The 7Be content is commonly limited to the upper 20 mm of the soil profile what results in the 
need for a detailed sampling methodology to evaluate the 7Be depth distribution at an 
accuracy of 2 mm. Several methodologies have been proposed in literature and two of these 
methodologies are compared in chapter 3 of this dissertation, namely the ‘scraping 
methodology’ and the use of a modified ‘fine increment soil collector’ (FISC). The FISC 
makes use of soil cores collected at the field and is based upon a system that pushes the soil 
out of the cores at an accuracy of 1 mm. The use of the scraping methodology resulted in 
erosion estimates ranging between 54 and 62 ton ha-1, which were up to 63% larger 
compared to the erosion rates obtained with the FISC principle. The 7Be depth profile 
sampled with the scraping technology showed a deeper relaxation mass depth and a smooth 
exponential decrease with depth, while the FISC showed a more distinct stepwise decrease 
with depth. This was attributed to the mixing of depth increments during the scraping 
procedure, while the FISC provides clean cuts of the increments. The use of the FISC is 
therefore recommended for future 7Be studies as a standard protocol. 
 
6.1.3 Physical soil characteristics and the 7Be depth distribution 
As variations in the 7Be depth distribution are linearly propagated in the erosion estimations, 
it is of crucial importance to get a better understanding in the factors influencing this 7Be 
depth distribution. The 7Be depth distribution was found to be more shallow in compacted soil 
cores compared to non-compacted soil cores. CT-scans confirmed the presence of 
macropores in the non-compacted soil cores while these were absent in the compacted soil 
cores. In addition, the presence of the macropores, which act as preferential flow paths, 
resulted in a larger spatial variability of the 7Be depth distribution due to a larger variability in 
infiltration rates. The measurement of one 7Be depth profile is therefore inadequate, and 
should be extended to take the variation of the depth profile across a hill slope into account. 
However, the measurement of several 7Be depth profiles is very time consuming and only a 
limited number of facilities in the world are able to process a large number of 7Be samples 
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6.1.4 The hydraulic conductivity used as a correction factor in the conversion model 
Chapter 4 establishes the link between the hydraulic conductivity and h0, and incorporates 
Ksat into the conversion model as a correction factor to provide realistic uncertainties on the 
estimated soil redistribution. Similar as in chapter 3, a broad variation in relaxation mass 
depth was observed at low hydraulic conductivity rates (Ksat < 5 m day
-1), indicating the need 
for extensive sampling in these conditions. At higher Ksat values (> 5 m day
-1) a clear relation 
was observed between the Ksat and the relaxation mass depth, which has to be taken into 
account in the conversion model as Ksat can vary significantly across a hill slope. Therefore, a 
correction factor was established in this chapter, which allows the estimation of the relaxation 
mass depth at each sampling location in contrast to the normal conversion model, which 
uses one relaxation mass depth for the entire study area. Future studies should thus 
measure Ksat and incorporate Ksat variation into their soil redistribution estimates. 
 
6.1.5 Validation of the 7Be methodology on experimental plots with different tillage 
practices 
In the final results chapter 5, the 7Be methodology is applied to estimate erosion rates during 
rainfall simulations for three different tillage practices, namely conventional tillage, non-
inversion tillage and strip-till. Simultaneously, runoff is collected and sediment samples are 
taken to measure erosion rates directly as a validation for the 7Be methodology. Results of 
both techniques show the highest erosion rates were measured at the plots under 
conventional tillage and wheel track compaction resulted in higher erosion rates for all 
treatments. The general trends were similar for the direct measurement and the 7Be 
methodology, although 7Be measurements indicate a clear difference between non-inversion 
and strip-till treatments, with the strip-till treatment performing better. In absolute erosion 
rates the 7Be readings resulted in a large overestimation compared to the direct 
measurements. But, after correction for the variation in Ksat, obtained in chapter 4, the results 
were more conform with the direct measurements, but still overestimate the direct 
measurements. 
 
7Be measurements were able to distinguish different soil redistribution patterns under non-
inversion tillage and strip-till. The 7Be measurements clearly show increased erosion rates in 
the tilled zones of the strip-till technique, while the no-till zones act as sediment and runoff 
buffers. Thus indicating only a small part of the strip-till zones effectively contributes to the 
measured soil erosion. This clearly points out one of the important advantages of the 7Be 
methodology, as it is able to assess the spatial variability of the soil redistribution. 7Be can 
therefore be a very useful support tool for policy makers and farmers, as it is able to pinpoint 
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the most erosion sensitive areas. As precision agriculture is becoming more and more 
important, 7Be, and FRNs in general, can be used to monitor these systems in detail. 
However, its use to estimate exact soil redistribution values is difficult and prone to a high 
number of uncertainties, namely uncertainties on the reference inventory, on the 7Be 
measurement itself, on the 7Be depth distribution and on the uniform 7Be deposition across 
the study field. A proper amount of samples for the establishment of the reference inventory 
and the 7Be depth distribution can reduce uncertainties to a minimum. It is therefore 
recommended to use the 7Be methodology rather as a tool to pinpoint erosion sensitive 
areas and provide an estimate of the magnitude of erosion rates than to estimate actual 
erosion rates. 
 
6.1.6 Practical implications for future research with 7Be on different spatial scales  
The obtained results have several implications for future 7Be research. First, the observed 
rapid and irreversible Be sorption on agricultural soils underpin the use of 7Be in these 
conditions. However, the high Al content and low pH in most weathered tropical soils 
indicates the need to evaluate the sorption behavior of 7Be prior to the start of 7Be 
measurements under these conditions. At the catchment scale soil type and land use will 
change what influences the 7Be sorption. In our study a decrease in Be sorption was 
observed in forest soils by up to 20%. Therefore it is essential to monitor Be affinity in the 
different soil types under the different land uses present within one catchment prior to 
attempting a sediment tracing study with 7Be as this can have a major influence on the 
obtained results.  
 
Secondly, tests with different sampling strategies stress the need for a standardized 
sampling strategy, which should be based on the principle of the FISC principle. The best 
results were obtained with a core diameter smaller than 10 cm, larger diameters resulted in 
problems of uneven uplift of the soil from the cores, edge effects for the core walls and 
cracking off the soil during the uplift of the soil. Furthermore it is of importance to collect and 
bulk several samples into composite samples to reduce errors due to the spatial variability in 
the depth distribution and reduce 7Be measuring time, which is an important limiting factor in 
studies using 7Be as it limits the number of samples. 
 
Third, clear indications were observed of the dependence of the 7Be depth distribution on the 
physical soil characteristics. In practice, this means that the 7Be depth distribution should be 
collected in an area representative for the study area in terms of soil type, land use and 
physic-chemical soil properties. If needed several 7Be depth distributions or composite 7Be 
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depth distributions should be measured. If high variations in Ksat are observed a correction 
factor based on this Ksat should be incorporated as proposed in chapter 4 of this dissertation. 
 
In this thesis sorption experiments and experiments evaluating the influence of soil physical 
characteristics on the depth and spatial variation of 7Be indicated that erosion rate 
estimations based on 7Be are prone to a high variability. The classic approach of using point 
samples might therefore not be appropriate. A landscape unit based 7Be budget approach 
can overcome these problems of heterogeneity and can be applied at a range of spatial 
scales. 
 
Finally, the use of 7Be as a soil tracer on a catchment scale was evaluated. The variation in 
reference inventory across a small catchment was comparable to the variation within one 
small reference site in the experimental conditions used in this study, namely a limited 
variation in altitude and a temperate climate dominated by uniform rain patterns. This implies 
7Be could be used as a soil erosion tracer over a wider area than the commonly used hill 
slope scale. However, several remarks have to be made. Catchments with a broad range of 
soil types and land uses will have differences in 7Be sorption behavior, resulting in a large 
uncertainty. 7Be can thus only be used on a catchment scale if a number of conditions are 
met, namely a uniform land use and soil type. Furthermore, the number of samples that can 
be analyzed for 7Be activity is limited, making the number of samples per area unit very 
small. Therefore the use of landscape units as sampling units might provide an adequate 
answer to problems of variability and the number of samples.  
 
6.1.7 The advantages and limitation of 7Be over traditional monitoring tools revised 
Several authors have described many advantages of the use of FRNs and 7Be in particular 
over traditional monitoring tool. Among others these incorporate the possibility to estimate 
soil redistribution in a retrospective manner from a single and quick field visit, the possibility 
to establish a detailed spatial pattern of soil redistribution, the absence of disturbance of the 
study site prior to the measurements and the possibility to measure absolute soil 
redistribution values at point locations. Traditional monitoring tools like runoff collectors or 
erosion pins are unable to provide a detailed soil redistribution pattern, require a setup prior 
to the erosion event, require a significant disturbance of the study site prior to the event and 
should be measured over a long time period of at least several months or even seasons. 
New techniques like 3D photogeometry have similar problems with a required repeated 
measurement, a prerequisite unnessary for the use of 7Be. 
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Most of the advantages of the 7Be technique were confirmed during this study, but some 
important remarks should be made. An important first remark is the number of samples, 
which can be analyzed before the 7Be activity drops below the detection limit. The 
measurement of one 7Be sample takes on average 24h, and since preparing the samples 
takes several days (air drying, manual grinding and packing of the samples) and obtaining 
the depth distribution requires at least 10 samples and 10 reference inventories, the number 
of samples available for the soil redistribution pattern in a study area is limited to more or 
less 30, before the 7Be activity decreases below the detection limit due to the rapid decay of 
7Be. The number of samples can be increased by increasing the number of Ge-detectors 
available for a study, but this comes at a high economic price. Secondly, one of the main 
advantages of the use of FRNs is the easy applicability and the possibility to collect all data 
during one field visit. However, previous studies indicated the need for grain size analysis of 
all samples, as 7Be is preferentially bound to the clay and silt fraction while this is also the 
most erodible fraction. In addition, this research pinpointed the need to measure Ksat at each 
of the sampling locations making it more and more an excessive sampling campaign 
compared to the quick collection of 7Be samples. Finally, even if these extra measurements 
are performed, the uncertainty on the soil redistribution is large and absolute numbers of soil 
redistribution should be interpreted with care. 7Be should rather be used for pinpointing exact 
locations of erosion and deposition. Especially in highly variable study areas, the use of 7Be 
to establish a soil redistribution pattern can provide a huge benefit to policy makers. 
 
The selection of an appropriate measuring technique (7Be or traditional monitoring 
techniques) is therefore very dependent on the goal of the monitoring campaign. The 7Be 
technique is more appropriate for a comparison between different land management 
techniques (e.g. tillage) and the absolute amount of erosion is of lower importance. In this 
case the extra measurements of Ksat and grain size are of lesser importance and 
7Be can act 
as a quick exploratory tool to identify erosion sensitive areas or deposition zones. 7Be can 
also be used to establish a distinct spatial pattern of soil redistribution in a retrospective 
manner, which was clearly shown in the strip-till treatment in chapter 5. If more detailed 
results are required the combination of runoff collectors will result in more reliable absolute 
estimations of erosion rates. Recent developments in high resolution digital elevation models 
can provide high resolution spatial data, but this is still a new developing technique with the 
need to measure prior to erosion events (Vannier et al., 2018; Pineux et al., 2017). But this 
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6.2 Recommendations for future research 
Adsorption rate experiments identified a distinct difference between weathered (tropical) soils 
and less weathered (temperate) agricultural soils. Additional research is required to identify 
the cause of this reduced 7Be adsorption. The low pH and the charge of the weathered 
tropical soils can influence Be sorption. Typically, tropical soils are rich in Fe-oxides and Al-
hydroxides, which might influence Be sorption by complexation, the influence of the Fe-
oxides and Al-hydroxides on the sorption of Be should therefore be investigated. To underpin 
the use of 7Be as a sediment tracer in tropical environments, the sorption behavior of 7Be on 
a broad range of tropical soils should be evaluated. Future research should validate its use in 
these conditions by comparing erosion rate estimates based on 7Be with erosion rate 
estimates based on traditional monitoring techniques. 
 
Nowadays, most studies using 7Be are performed on a bare soil surface as 7Be is intercepted 
by vegetation, to increase applicability of 7Be as sediment tracer a correction should be made 
for vegetated study areas. In recent literature a correction factor for this interception was 
proposed, but this factor is highly variable on rainfall characteristics and soil surface 
coverage specific for plant species. Therefore, a database should be created for common 
agricultural crops evaluating the interception of 7Be of these crops during the growing 
season. 
This research indicated reduced Be sorption and increased mobility of Be in forest soils in a 
temperate climate. The presence of humic acids and a lower pH might be the controlling 
factors, but detailed studies should be performed to assess the source of this discrepancy in 
Be sorption behavior between forest and agricultural soils. As this research indicated the 
influence of the land use (agricultural versus forest soils) on the sorption behavior of 7Be, 
other FRNs might be influenced by this as well. Especially little is known of the sorption 
behavior of the FRN 210Pbex and similar experiments should be performed for 
210Pbex. 
Especially studies using the ratio of the different FRNs to estimate the transport distance or 
residence time of sediments or to distinguish surface versus sub-surface origin of suspended 
sediment might be severely influenced by this variation in sorption behavior with land use. 
Future research should therefore address the response of 210Pbex and 
137Cs to differences in 
land use and soil type to ensure the validity of the use of FRNs in sediment tracing studies 
over larger catchments. 
 
Previous research indicated the possible mobility in reducible conditions but fail to quantify 
this effect in the field. Future research should therefore monitor redox conditions present 
within one catchment by permanent monitoring with redox electrodes across the catchment. 
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These conditions could be recreated in the lab in an environment room, which allows a 
detailed investigation of the possible 7Be mobility in these conditions. 
 
The relationship between Ksat and the relaxation mass depth has been highlighted in this 
study as a critical factor, which should be incorporated in the conversion model. However, 
only one soil type was used to establish this relationship and more research with a broad 
range of soil types should be conducted to confirm the obtained results. However, measuring 
Ksat is a time consuming activity and pedotransfer functions might represent a quicker, cost 
effective approach to estimate variations in the relaxation mass depth across a study area. 
Therefore, future research should focus upon the use of pedotransfer functions as a direct 
correction factor for the relaxation mass depth. 
 
6.3 Highlights 
 Sorption behavior experiments support the use of 7Be as a sediment tracer in common 
agricultural settings in a temperate climate at the hill slope scale, while limiting its use 
under tropical and forest rich conditions. 
 The use of the FISC has been validated and found highly recommended when applying 
the 7Be method as it improves accuracy and standardization of the method. 
 Physical soil characteristics influence the depth distribution of 7Be in the soil and Ksat 
should be used as a correction factor in the conversion model. 
 Validation of the 7Be method indicated the use of the method is unable to quantify exact 
erosion rates. 
 The 7Be technique is found extremely suitable to pinpoint erosion hotspots and relative 
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